
BENEFICIAL USE OF RECYCLED MATERIALS 

IN CONCRETE MIXTURES 

by 

Patrick Lance Maier 

B.S. Civil Engineering, University of Colorado Denver, 2008 

A thesis submitted to the 

University of Colorado Denver 

In partial fulfillment 

of the requirements for the degree of 

Master of Science, Structural Engineering 

Civil Engineering 

2011 



This thesis for the Master of Science 

degree by 

Patrick L. Maier 

has been approved 

by 

Dr. Chengyu Li 

Date 



Maier, Patrick Lance (M.S. Structural , Civil Engineering Department) 

Beneficial Use ofRecycled Materials in Concrete Mixtures 

Thesis directed by Dr. Stephan A. Durham 

ABSTRACT 

The need to produce concrete mixtures with recycled materials is becoming more 

important than ever before. Not only does using recycled materials in concrete 

mixtures create landfill avoidance, but it decreases the depletion of virgin raw 

materials. The basis for this research was to investigate the effects of using recycled 

materials, in varying amounts, on the fresh and hardened concrete properties. This 

research includes the design of concrete mixtures composed of varying amounts of 

recycled material replacements. The recycled materials in this study consisted of 

ground granulated blast furnace slag (GGBFS), recycled concrete (crushed hardened 

concrete) and crushed waste glass. The GGBFS was used as a replacement for the 

cement. The recycled concrete and waste glass were used to replace the coarse and 

fine aggregates, respectively. The concrete mixtures designed ranged from a twenty 

five percent replacement to one hundred percent replacement with recycled materials. 

These mixtures were compared against a standard concrete mixture using cement and 

virgin aggregates. For comparison purposes, all mixtures were held constant in 

regards to water to cementitious ratio. The fresh concrete properties examined 

included slump, air content and unit weight. The hardened properties examined 

included compressive strength, rate of strength gain, freeze-thaw durability, 

permeability, and alkali-silica reactivity potential. 

A concrete mixture composed entirely of recycled materials was developed. 

This concrete mixture developed substantial strength and durability and is comparable 

to a normal strength concrete mixture in several aspects. This concrete made from 



100% recycled materials was a very low permeable concrete with a compressive 

strength of 4300 psi (29.6 MPa). A concrete composed of 50% and 75% recycled 

materials that achieved strengths of nearly 7000 psi (48 MPa) and 6300 psi (43.4 

MPa) respectively were also developed. The beneficial and negative effects of using 

recycled aggregates and GGBFS in a concrete mixture were determined. The 

deleterious expansions caused by the waste glass reacting with alkalis in the 

cementitious paste (ASR) were also determined. It was found that GGBFS, when 

used at replacement levels of 50%, eliminated these concerns when waste glass is 

used at even 1 00% aggregate replacement levels. 

The point at which replacement with recycled materials becomes detrimental 

to the concrete mixture, in regards to strength, durability and workability was 

determined. A replacement of 50% recycled materials was determined to be an 

optimum replacement amount for concrete. The use of recycled materials was 

determined to be a benefit with regards to strength and durability up to 50% when 

compared with a normal concrete made from virgin materials. However, it was shown 

that even a concrete with recycled materials in excess of 50% can be very beneficial 

and comparable to a normal, regular strength concrete. Although freeze-thaw 

durability ' s decreased for concretes made with recycled contents in excess of75%, 

the permeability' s of these mixtures are extremely low and when coupled with 

substantial strength, these concretes would be suitable for use in many applications. 

This abstract accurately represents the content of the candidate ' s thesis. I recommend 

its publication. 

Signed ------ ______ ___ 
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1. Introduction 

Concrete is the most commonly used building material in construction today. Over 2 

billion tons of concrete are produced every year and there is a consistent 5% increase 

each year (ASDSO, 2011 ). Anything and everything related to construction is open 

for scrutiny in today 's eco-conscience society. People today are more in tune and 

infom1ed about the negative effects we leave behind for future generations. Green is 

the new buzz word, and every facet of today 's industry is attempting to reduce their 

carbon footprint. Builders today are under constant pressure to incorporate more and 

more recycled materials into their products and to become more "earth friendly". The 

potential use of recycled materials in concrete is a growing interest. Although the use 

of recycled materials in concrete is not a new advancement, typical replacement 

values have commonly been on a small order. 

Concrete has undergone significant advancements over the years, primarily 

with regards to cement. Cement is the most important ingredient in a concrete 

mixture. Cement is the glue of a concrete mixture, binding the aggregates together to 

form a solid matrix and give the concrete its strength. The cement used in today's 

concrete is referred to as a "portland cement". The production of portland cement 

(PC) requires significant amounts of energy. First, the raw materials used to make 

cement must be acquired and processed. These raw materials must first be quarried 

from the earth before being crushed and blended to an acceptable level. The blended 

materials must then be put into a high temperature kiln that transforms these raw 

materials into clinker. Clinkering is a term used to indicate the stage between 

sintering and fusion . Sintering indicates no melting takes place, and fusion takes place 

when 100% of the material is in a molten state. It is estimated that at any given time 

in the kiln only one quarter of the material is in a molten state. After leaving the kiln 

this clinker is then processed even further (ground down and mixed with gypsum) 

before becoming portland cement. The production of portland cement accounts for 



5% of the total global C02 emissions caused by humans and it is estimated that for 

every ton (metric ton) of PC produced, an equal ton of carbon dioxide gas (C02) is 

emitted into the atmosphere, (World Buisness Council for Sustainable Development, 

2002). Carbon dioxide is a green house gas, and is believed to be a main contributor 

to global warming. Most of the C02 produced comes from the high temperature kilns 

used in PC production plants. Of all the raw materials used in concrete today, PC is 

the largest contributor to green house gases. 

The use of recycled materials to replace cement content is a common practice 

and has been for many years. It has been demonstrated that concretes strength, 

durability and workability can be increased from the use of certain recycled materials. 

Supplementary cementitious materials (SCM) have been used to replace cement in 

concrete for thousands of years. Common cement replacements used today are fly 

ash, silica fume and ground granulated blast furnace slag (GGBFS). Fly ash and silica 

fume are byproducts of the power and silicon metal industry respectively. GGBFS is 

a byproduct of the iron manufacturing industry. Fly ash and silica fume are known as 

pozzolanic materials. GGBFS is a hydraulic cementitious material that also has 

pozzolanic characteristics. The term pozzolan is used to describe any reactive 

aluminosilicate material. Pozzolans react with by-products of the cement hydration 

process in order to develop strength characteristics in concrete. Pozzolans will not 

typically produce strength alone when mixed with water and therefore require cement 

within the mixture. For this reason the common thought in the concrete industry is 

that cement is needed, in at least a moderate amount, to produce strength. GGBFS is 

also a cementitious material much like cement, and when mixed with water will 

hydrate and produce strength alone. 

Aside from cement, concrete contains several other ingredients. Aggregates 

have almost always been used in concretes of the past and are always used in today ' s 

concretes. Even today 's grouts and mortars contain aggregates. Although important in 
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varying degrees to a concrete mixture, aggregates by and large are a filler material. In 

fact, it is the bond between the aggregate and cement that is the weakest link in the 

concrete matrix. Typically it is only in high strength concretes where aggregate 

strength becomes a contributing factor. Quality aggregate sources are becoming more 

difficult to find. Many aggregate sources used in the past have been depleted and 

concrete batch plants are forced to use lesser quality aggregates. To acquire 

aggregates from the eatth, considerable energy must be used to quarry and refine the 

rock before being suitable for use in concrete. Mining operations are always at the 

forefront of environmental debate not only from the destructive aspect, but also from 

an aesthetic standpoint. For these reasons, aggregates are of primary interest with 

regards to potential replacement with recycled materials. 

Many forms of aggregate replacement have been used in the past, from 

recycled automotive tires and waste metal to pure trash. A less common coarse 

aggregate replacement that is gaining more interest is recycled concrete aggregate 

(RCA). Recycled concrete comes from the demolition of buildings, sidewalks, streets, 

etc. Increasing concern over the potential harmful effects that crushed concrete can 

have on the environment have caused growing concerns on how to dispose of the 

materials (due to leaching of chemicals into the watershed), not to mention the 

increased costs associated with concrete disposal. The diminishing landfill space is a 

growing concern throughout the world. Reusing crushed concrete is of considerable 

interest for these reasons. 

Another less common aggregate replacement that is gaining more attention is 

the use of recycled glass as a fine aggregate replacement. Glass containers are 

typically recycled to make more glass containers, but the potential beneficial use in 

concrete is gaining interest. Recycling of glass containers is difficult and may be 

costly if separating the glass into colors is required. Removal of contaminants is also 

difficult and much of the glass produced today ends up in landfills. In 2007 
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approximately 13.6 million tons (12.3 metric tons) of waste glass were generated in 

the United States, and 76% of this glass was disposed of in landfills (Verdugo, 2009). 

Many states and municipalities have attempted to avoid this difficulty by mandating 

taxes on glass containers to help push manufacturers into re-using instead of 

recycling. Whether glass containers are crushed and recycled or re-used, it is 

estimated that for every ton of glass recycled, 1000 pounds ( 454 kg) of C02 gas is 

saved from being emitted into the atmosphere, (en.wikipedia.org, 2011). 

This research investigates the effects that these recycled materials will have 

on the fresh and hardened properties of concrete. Several concrete mixtures 

containing recycled materials were designed and batched for this research. The 

amounts of recycled materials used in each concrete mixture were varied, and their 

fresh and hardened properties compared to a control mixture composed of natural 

(virgin) aggregates and cement. The mixtures developed for this research project had 

a percentage of aggregates and cement replaced with recycled materials. The natural 

coarse aggregates were replaced with recycled concrete aggregate (RCA), the natural 

fine aggregates with waste glass and the cement was replaced with GGBFS. To fully 

investigate the effects these recycled materials have on the concrete, six mixtures 

were developed, batched, and tested for structural and durability performance. 

The recycled concrete aggregate and waste glasses were fully tested prior to 

hatching. Multiple gradations for both aggregates were completed as well as fineness 

modulus, specific gravity, absorption capacities and unit weights. 

A concrete mixture containing 1 00% recycled materials (RCA, waste glass 

and GGBFS) was designed, batched and tested for this research. Three additional 

mixtures with recycled material contents of 25, 50 and 75% were batched and tested. 

One mixture was batched that contained 1 00% RCA and 1 00% cement as well as a 

control mixture composed of 1 00% natural aggregates and 100% cement. All 
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mixtures were tested for fresh and hardened concrete properties. The fresh concrete 

properties tested included slump, unit weight and air content. The hardened concrete 

properties examined were compressive strength, rate of strength gain, permeability, 

freeze-thaw resistance and alkali-silica reactivity (ASR). 

A literature review was performed to investigate any past research completed 

regarding GGBFS, recycled concrete, and waste glass on the effects each has on 

concretes properties. No documented research could be found on the combined 

effects that all three of these components together have on concrete. This research is 

therefore considered to be a first of its kind. All testing conformed to ASTM testing 

standards and when deviated from, notation was made. All data results, details and 

conclusion of findings of this research are included within this thesis. 
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2. Literature Review 

2.1 Preface 

This literature review will not focus on the research that has been done on ordinary 

concrete containing portland cement and normal aggregates. This review will only 

focus on the recycled materials used to replace the cement and aggregates. The use of 

recycled concrete, waste glass and GGBFS will be reviewed. However, no known 

documented research on the combined effects of these three materials used together in 

a concrete mixture could be found. Therefore, each material will be reviewed 

individually in regards to any past research performed. 

2.2 Ground Granulated Blast Furnace Slag (GGBFS) 

2.2.1 Production 

Ground granulated blast furnace slag (GGBFS) is a byproduct of the iron 

manufacturing industry. It was first commercially produced in Germany in 1853 and 

slag cements were used to build the underground metro station in Paris in 1889, 

(PCA, 2005). Slags are residues that come from blast furnace production of various 

metals and steel , as well as from the production of iron from ore. The slags that come 

from the steel industry and other metals are not suitable for use in concrete unless 

they are beneficiated (Mindess, 2003). Typically, the slags that are used in concrete 

primarily come from the production of iron. During the production of iron, inorganic 

lime based fluxes are used to remove impurities from the iron. These fluxes rise to the 

surface of the molten iron and from there, they are removed and cooled. The slags 

must be cooled quickly (i.e. not air cooled) in order to become a suitable form of 

hydraulically active calcium aluminosilicate glass. If allowed to dry in air the slag 

will form inert (non-reactive) calcium magnesium silicates (Mindess, 2003). The 
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process of "quenching" (using water to cool) is used to cool the slags. The method of 

cooling varies from one plant to another and the amount of water used will have a 

direct impact on the quality and strength of the slag (Bureau of Reclamation, 1988). 

Granulation and pelletization are two ways in which the slag can be quenched. The 

granulation process is used to produce GGBFS. During the granulation process the 

molten slag is broken up by jets of water before being immersed in a water bath. This 

process produces small 4 mm-sized granules which are then ground down to cement 

fineness. Pelletization produces larger granules which are used in concrete as light 

weight aggregates. 

2.2.2 Physical, Chemical and Reactive Properties 

There are three ASTM specified grades of GGBFS produced today, Grade 80, Grade 

1 00 and Grade 120. This classification is called the "slag-activity index" and applies 

to the GGBFS ability to improve the compressive strength of mortar cubes mixed 

with 50% cement and 50% GGBFS when compared with reference cubes containing 

100% cement (ASTM C 989). The 28 day compressive strength of Grade 80, Grade 

100 and Grade 120 cubes must be at least 75, 95 and 115% of the strength of 

reference cubes when compared respectively. GGBFS is usually ground down to a 

fineness that exceeds normal portland cement to increase reactivity. Blaine fineness 

ranges are anywhere from 3500 cm2/g to 8000 cm2/g. The fineness of the slag varies 

with grade and will therefore also affect the fresh concrete properties as well. The 

Blaine fineness of Grade 120 slag is higher than Grade 100, which in tum is higher 

than Grade 80 slag. The higher the fineness the higher the water demand. Ultimately, 

a concrete made with Grade 120 slag will have a lower slump value than a similar 

mixture made with Grade 80 slag. 
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The chemical composition of GGBFS used in concrete today varies little from 

plant to plant due to the fixed process of steel making and is not a significant concern 

(Hooten, 2000). GGBFS is rich in lime, si lica and alumina. The typical mass 

compound percentages are shown below in Table 2.1 . The amounts of sulfur are 

limited to 2.5% as sulfide and 4.0% as sulfate per ASTM C 989. Residual iron is also 

present as ferric oxide. 

Table 2.1 Mass Percentage of Compounds in GGBFS (Mindess, 2003) 

Compound Percentage Compound Percentage 

CaO 35-45 MgO 5 - 15 

Si02 32 - 38 Fe203 < 2 

Ah03 8- 16 Sulfur 1 - 2 

When hydraulic cement (PC or GGBFS) is mixed with water, a chemical 

reaction takes place known as "hydration". Equations 2.1 and 2.2 below show the 

generalized hydration process oftri-calcium silicate (C3S) and di-calcium silicate 

(C2S) in cement (ceramic notation), (Mindess, 2003). 

(2.1) 

(2.2) 

Where: "C3S2H3" is referred to as Calcium Si licate Hydrate (C-S-H) 

"CH" is referred to as Calcium Hydroxide 

The calcium silicate hydrates are the primary strength producing compounds 

in a concrete mixture. Tri -calcium silicates typically form early in the hydration 
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process and give the concrete early age strength. The di-calcium silicates primarily 

form much later and will contribute more to later age strengths. The hydration of slag 

is much slower than a typical PC hydration and may take several months depending 

on grade to reach equivalent 28 day strengths when compared with concretes made 

with pure cement as the binder. The cause of this slow hydration is believed to be due 

to impervious coatings of amorphous silica and alumina that form around the slag 

particles during the first stages of the hydration process (Mindess, 2003). It is 

believed that GGBFS hydration primarily produces C2S as opposed to a PC hydration 

which primarily produces C3S (ASTM C-989). The hydration of GGBFS is also alkali 

activated and the hydration rate will depend on the alkali content of the cement and 

the alkali content of the slag. 

The calcium hydroxide (CH) produced during the hydration process is not 

considered a main strength producing compound, may actually cause durability 

problems in a hardened concrete. CH in a hardened state is water soluble and 

crystalline in structure. Leaching of CH from brick mortars can be readily seen as 

well as from concrete (chalky white substance). This leaching process is called 

efflorescence. Calcium hydroxide is also a component in alkali-silica reactions as 

weiJ as sulfate attack. Although CH is not a main strength producing component of a 

cement hydration process, it is a primary ingredient for a pozzolanic reaction. ASTM 

C 618 describes a pozzolanic material as "a siliceous or siliceous and aluminous 

material which in itself possesses little or no cementitious value but will , in finely 

divided form and in the presence of moisture, chemically react with calcium 

hydroxide at ordinary temperatures to form compounds possessing cementitious 

properties" . GGBFS contains amorphous silica and will react with calcium hydroxide 

to form calcium silicate hydrates. Equation 2.3 below shows the generalized 

pozzolanic calcium hydroxide and silica hydration process (ceramic notation), 

(Mindess, 2003). 
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(2.3) 

Due to this conversion of calcium hydroxide to calcium silicate hydrate, a 

concretes strength and durability can be greatly increased by the use of pozzolanic 

materials. 

2.2.3 The Effects of GGBFS on Fresh Concrete Properties 

2.2.3.1 Slump 

A majority of past research indicates the effects of GGBFS on concretes workability 

are favorable (i.e. increased workability). According to a report issued by ACI 

regarding the use of GGBFS in concrete mixtures, typically the addition of GGBFS in 

a concrete mixture will improve workability and increase slump, (ACI 233R, 2000). 

This is believed to be caused by the texture and density of finely ground blast furnace 

slag particles, which have smooth glassy surfaces and have a denser outer surface 

than cement particles. GGBFS particles will therefore require less water immediately 

after mixing than cement particles which absorb water rapidly (ACI 233R, 2000). 

According to Wang Ling et al (2005), the increase in workability observed with 

concretes containing GGBFS may be a result of an increased repulsion potential 

between the cement and GGBFS particles. They also attributed this increase in 

workability to the larger specific area of GGBFS particles. 

Osborne (1989) investigated the effects of GGBFS on slump, compaction 

factor and Vebe for concretes containing 0, 40 and 70 percent replacements with slag. 

He found that as the percentage of GGB FS increased, the ratio of water to 

cementitious materials needed to be reduced in order to maintain workability 

properties similar to the control mixture having only cement as the binder. Research 

conducted by the Virginia Department of Transportation (1999) showed that it is 
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possible to reduce the w/c (water to cement ratio) of a concrete mixture containing 

GGBFS to achieve the same slump as a mixture containing only cement due to the 

decreased water demand. Contrary to the previous work cited, the Missouri 

Department of Transportation (2006) found that average slump values for a 70% 

GGBFS mixture (Grade 120) were 2 inches (51 mm) less than that of control 

mixtures having only PC as the binder and similar w/c. Similar results were reported 

by Hale (200 I) who investigated two GGBFS mixtures with 25 and 50% 

replacements. Both mixtures had significantly less slump than the control mixture 

with only cement. This was attributed to the higher fineness of the Grade 120 slag 

when compared to the fineness of the cement. 

2.2.3.2 Air Content 

Information regarding the effects of GGBFS on air content was limited. Much 

research was found regarding fresh concrete properties on concretes mixed with 

GGBFS and air entraining admixtures however air content was rarely discussed. 

According to the Portland Cement Association (2005), ground slags will have a 

varying effect on the required dosage rates of air-entraining admixtures. ACI -233R 

(2000) indicates that typically the required amount of air-entraining admixture will 

increase if the GGBFS is finer than the cement. 

Sivasundaram and Malhotra (1992) studied the effects of high volume 

GGBFS concrete with target air contents of 5%. When studying the effects of air 

entraining admixtures (AEA), they found that as GGBFS content increased from 60 

to 75%, the amount of AEA needed almost doubled. When comparing GGBFS 

mixtures to the control mixture with I 00% cement, in some cases the AEA dosage 

required more than quadrupled. They also found that if slag content was held constant 

and cement content adjusted the effects on AEA dosage remained constant, which 
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would indicate the slag content is the governing factor. Richardson (2006) 

investigated the air void system characteristics of several concrete mixtures composed 

of70% GGBFS replacement and found that the results were similar to control 

mixtures made with only PC as the binder. 

2.2.3.3 Time of Set 

In general, research has shown that initial and final set times will be effected by the 

use ofGGBFS. According to ACI-233R (2000), the time of set for concretes 

incorporating GGBFS will be increased and dependent on the initial temperature, 

replacement amount, cement characteristics and w/c. The time to initial set for fresh 

concrete temperatures around 73 °F (23 °C) will typically be one half to one hour 

longer and for temperatures above 85 °F (30 °C), no significant changes were 

observed when compared to a mixture with 100% cement. Significant retardations 

have been observed at lower temperatures but these effects can be reduced by the use 

of conventional accelerators such as calcium chloride. 

Hogen and Meusel (1981) found that at higher temperatures (above 85° F) the 

initial and final set times were similar to those of normal concrete with 100% cement. 

Results were similar for slag fineness ranges between 4500 cm2/g and 6000 cm2/g 

(2197 ft2/lb and 2930 ft2/lb) which give an indication that slag fineness is not related 

to set time. Sakai et al (1992) found that only the final set times increased when 

comparing normal concrete and GGBFS concretes. The initial set times were not 

affected. They also used varying slag finenesses between 3000 cm2/g to 6000 cm2/g 

(1465 ft2/lb and 2930 ft2/lb) which strengthens the belief that slag fineness is not a 

factor in set time. 
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2.2.3.4 Temperature 

The temperature rise in concrete is caused by the hydration process and is of 

considerable interest in mass concrete placements. This rise in temperature can take 

place over many days, months or even years depending on the size of placement. 

Excessive temperatures can lead to thermal induced cracking, especially in mass 

placements. The use of mineral admixtures such as fly ash and GGBFS in mass 

concrete have essentially eliminated the need for production of Type IV cement (low 

heat of hydration) in the United States. Since the reaction rate ofGGBFS is much 

slower, the heat is released gradually over longer periods, and the temperature of the 

concrete is reduced (Mindess, 2003). According to ACPA, the decrease in 

temperature is inversely proportional to the fineness, i.e. the finer the GGBFS the less 

of a decrease in temperature due to the higher reactivity of finer slags 

( www .ndconcrete.com ). 

The Bureau of Reclamation (20 1 0) performed adiabatic temperature studies 

on several concrete mixtures containing various pozzolans and Type II low heat of 

hydration cement. The pozzo1ans used were a Class F fly ash and a Grade 120 

GGBFS. Three mixtures containing 30% Class F fly ash and two mixtures containing 

70% GGBFS were hatched and tested. The total cementitious contents for the fly ash 

and GGBFS mixtures were approximately 500 lb/yd3 and 375 lb/yd3 (297 kg/m3 and 

222 kg/m3
) respectively. The temperature rise for the GGBFS mixtures was 

approximately 55 °F (13 °C) over the course of 56 days. The average temperature rise 

for the fly ash mixtures was 73 °F (23 °C) over the course of 56 days (high of 80.1 °F 

(26.7 °C) and low of 68.8 °F (20.4 °C)). This indicates a significant temperature 

decrease between 14 °F and 25 °F ( -10 °C and -4 °C) when comparing the GGBFS 

mixtures to the fly ash mixtures. This decrease in temperature rise may also be due to 

the decreased cementitious content of the GGBFS mixtures. 
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Sivasundaram and Malhotra (1992) investigated the autogenous temperature 

rise and peak temperatures for concretes containing 50 to 70% GGBFS. They found 

that high volumes of slag content would suppress the autogenous temperature rise of 

concretes. In addition, they found that with increasing slag content the peak 

temperature rise decreased as well. 

2.2.4 The Effects of GGBFS on Hardened Concrete Properties 

2.2.4.1 Strength 

Studies on the effects of GGBFS on strength are varied. Typically, the early age 

strengths of concretes containing GGBFS will be lower and later age strengths higher 

when compared with normal PC concretes. The rate of strength gain appears to be 

dependent on the grade of GOBS used in the mixture as well as the replacement 

percentage. When compared to a normal cement concrete, mixtures with Grade 120 

slag show decreased early age strengths and increased later age strengths (beyond 7-

days). If Grade 100 slag is used the general trend is lower early and mid age strengths 

(1-21 days), and similar or greater strengths at later ages. Grade 80 slag will typically 

lower all strengths at both early and later ages (ACI 233R, 2000). Other factors also 

affected the strengths, such as the use of water reducing admixtures and curing 

regimens (particularly temperature). There also appears to be ideal replacement 

percentages were the greatest strength gains are realized. 

Hogan and Meusel (1981) investigated the compressive strengths of GG BFS 

concrete for a variety of replacement percentages. The GGBFS contents examined 

were 40, 50, and 65 percent. These mixtures were compared to a control mixture 

consisting of cement as the only binder. Two w/c ranges were used for air-entrained 

mixtures and non-air-entrained mixtures. The w/c was 0.40 and 0.55 for air-entrained 
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mixtures and 0.38 and 0.55 for non-air-entrained mixtures. All specimens were moist 

cured. The fineness of the slag used ranged from 4500 cm2/g to 6000 cm2/g (2197 

ft2/lb to 2930 ft2/lb). The results of the compressive strength tests show that the 

GGBFS concretes gained strength at a slower rate during the early ages (1-7 days) 

than the control mixture made with 100% cement as the binder. Between 7 and 10 

days the strength gains of GGBFS concretes were greater than the control mixture. 

When comparing 28-day strengths for all mixtures the concrete made with 40% 

GGBFS, w/c of 0.38 and no air-entrainment had the highest strength of 8220 psi (56. 7 

MPa) compared with the control having a 28-day strength of 7240 psi (50.0 MPa). 

For all mixtures, regardless of air-entrainment or w/c, the 28-day strengths decreased 

as slag content increased from 40% to 65%. For non-air-entrained mixtures, 

increasing the slag content from 40% to 50% had only a minimal effect on the 

compressive strength at 28-days. When the slag content was further increased from 

50% to 65%, the 28-day strengths decreased significantly by as much as 24%. All 

mixtures incorporating GGBFS except the mixture with w/c of 55% and non-air

entrained, exceeded the 28-day strengths of the similar control mixtures 

Cramer and Sippel (2005) investigated concretes incorporating 30 and 50% 

replacements with GGBFS and two different aggregate sources and four different 

cement brands. The aggregates used were a limestone aggregate and an igneous 

aggregate. Type I cement and Grade 100 GGBFS were used for all mixtures. All 

mixtures were air-entrained and had air contents of 6%. They found that regardless of 

replacement amount, most GGBFS mixtures had lower strengths than control 

mixtures at all ages (with a few exceptions). Figure 2.1 shows the average 

compressive strengths for the mixtures based on GGBFS replacement. 
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Figure 2.1 Average Compressive Strengths of Concretes Containing GGBFS 

(Averaged from four cement brands and two aggregate types), (Sippel, 2005). 

Although not shown on Figure 2.1 , the 365-day strength trend was similar and the 

control mixture on average had the highest strength. This is contrary to typical trends 

were Grade 100 GGBFS concretes exhibit higher later age strengths (beyond 21 days) 

than normal concrete (ACI, 2000). 

Hale (200 1) investigated the effects of GGBFS and curing regimens on 

concrete. The cement used was a Type I and the GGBFS was a Grade 120. The total 

cementitious content for all mixtures was 658 lb/yd3 (390 kglm\ Normal aggregates 

were used as well as a w/c of 0.39 for all mixtures. An air-entraining admixture was 

used for all mixtures to achieve a target air content of 7%. Three different curing 
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regimens were followed; standard conditions of 73 °F (23 °C) and 100% humidity, 

cold weather conditions of 50 °F (I 0 °C) and 100% humidity, and hot weather 

conditions of 83 °F (28 °C) and 100% humidity. A replacement percentage of 50% 

GGBFS was examined with standard and hot curing conditions, and 25% for co ld, 

standard and hot curing conditions. All mixtures were compared to a control mixture 

consisting of 100% cement. Table 2.2 shows the results from this study. 

Table 2.2 Average Compressive Strengths for Concretes with Varying GGBFS 

Contents and Varying Curing Temperatures, (Hale, 2001). 

MixiD Curing 3-Day 7-Day 28-Day 56-Day 90-Day 
Temp. 

Control 70 °F 2820 3500 4510 4700 5090 

25% GGBFS 70 °F 3100 3940 5820 6640 7040 

50% GGBFS 70 °F 3050 4310 6390 7150 7670 

Control 50 °F 1200 2520 3700 3980 4560 

25% GGBFS 50 °F 1500 2900 5140 5840 6100 

Control 83 °F 3760 4380 5460 6070 6380 
-

25% GGBFS 83 °F 3670 4990 6610 7110 7200 r-- -

50% GGBFS 83 °F 3470 5500 6780 7570 8660 

What is interesting in this study is that both the 25 and 50% replacement 

mixtures exceeded the control mixtures strength at nearly all ages and curing 

regimens. The only exception to this trend was for the hot cured specimens at 3-days 

in which the control specimen had a strength of 3 760 psi (25. 9 MPa) and the 25 and 

50% specimens had strengths of3670 psi and 3470 psi (25.3 MPa and 23.9 MPa) 
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respectively. Yet after the 3-day mark, both GGBFS specimens rebounded and 

overtook the control specimens during the hot cured regimen. As expected, the hot 

curing regimen increased compressive strengths for all mixtures and was attributed to 

the evaporation of water in the fresh concrete state which can lead to a reduced w/c. 

As expected, the cold curing regimen decreased both specimens strength throughout 

the range when compared to the standard curing temperature regimen. As stated in the 

report, the air contents for the 50% GGBFS mixtme were one to two percent less than 

the other mixtures. Another interesting point is that the air content for the control 

mixture cured under the cold regimen was 9.1 %, which was 3.0% higher than the 

25% GGBFS mixture which had an air content of 6.1 %. These results do not indicate 

whether or not the compressive strengths were normalized for air content and 

therefore it assumed they were not. 

Sivasundaram and Malhotra (1992) investigated the effects of GGBFS on 

concretes using high replacement amounts between 50 and 75%. The w/c ranged 

from 0.27 to 0.45. All mixtures contained air-entraining admixture and had target air 

contents of 5.0%. A high range water reducing admixture (HRWRA) was also used 

on all mixtures. All specimens were cured at 100% humidity and 68 °F (20 °C). The 

cement used was a Type I, however the GGBFS grade nor the fineness was specified. 

The total cementitious contents varied across the board (from 242 to 428 lb/yd3 (144 

to 254 kg/m3
)) and when coupled with the varying w/c, the results are difficult to 

interpret. They found that in all mixtures with 169 lb/yd3 of total cementitious, the 

strengths for all ages increased when slag content increased from 50 to 70 and 75%. 

They also determined that increasing the slag content from 70 to 75% does not yield 

any significant benefits to strength. They found that for cementitious contents of 169, 

211 and 253 lb/yd3 (I 00, 125 and 150 kg/m3
) the optimum slag replacements were 70, 

65 and 55% respectively. This indicates that as total cementitious contents increase, 

the benefits of slag content decrease. In general , they determined that slag concretes 
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typically attain most of their strength by 28 days when compared to control mixtures 

with only PC. All slag concretes were equal to or had higher strengths than control 

mixtures beyond 7 -days. 

Richardson (2006) investigated two concrete mixtures with GGBFS contents 

of70% of the total cementitious materials. A HRWRA was used on only one GGBFS 

mixture to study the effects of using a HRWRA on a slag concrete. A control mixture 

was hatched with a Type I cement while a Type II cement was used for the two 

GGBFS mixtures. The type of slag used for both mixtures was a Grade 120. Normal 

aggregates were used and average w/c values ranged from .399 to .419. Air entraining 

admixtures (AEA) were used to achieve target air contents of 6.0% on all mixtures. 

The average results of compressive tests performed on three mixtures each for the 

control, 25 and 50 GGBFS mixtures are shown in Figure 2.2. 

The results ofthis study showed that both 70% GGBFS mixtures had 

significantly less strengths for all ages when compared to the control mixture. The 

strength gain for early age (up to 7-days) was lowest for the 70%GGBFS when 

compared to the 70%GGBFS-HRWRA and control mixture. The strength gain for the 

HR WRA mixture was greatest between 7 and 28-days. The effects of using the 

HRWRA on GGBFS mixtures can readily be seen. Beyond 7-days the HRWRA 

mixture had greater strengths than the GGBFS mixture without HR WRA. This is no 

surprise however since the use of HR WRA creates a superior microstructure within 

the concrete matrix. The control mixture only had slightly higher air contents (around 

1.0% higher) than both the GGBFS mixtures and therefore air content was probably 

not a cause of the higher compressive strengths for the control mixture. A major 

cause for the slower strength gains for both GGBFS mixtures is probably due to the 

use ofType II cement. The use of Type II cement will typically lead to slower 

strength gains caused by the lower heat of hydration. Although not shown in Figure 

2.2, the 365 day strengths show similar trends with the highest strength of 6970 psi 

19 



( 48.1 MPa) coming from the control, and strengths of 5645 and 5010 psi (38.9 and 

34.5 MPa) from the 70%GGBFS-HRWRA and 70%GGBFS mixtures respectively. If 

simi lar cement types were used in all mixtures, the results would most certainly be 

different and the GGBFS mixtures may have been on par with the Control mixture, 

especially at later ages. 
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Figure 2.2 Average Compressive Strengths of Concrete Mixtures Containing 

70% GGBFS, With and Without HRWRA, (Richardson, 2006). 
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2.2.4.2 Permeability 

Most studies of permeability on concretes containing GGBFS have shown that 

permeability decreases with increasing slag content (ACI, 2000). A concrete's 

permeability depends on the interconnectivity of the pores within a hardened 

concrete. The less connected these pores are, the more difficult it is for water and 

chemicals to penetrate. These pores can vary in size from the microscopic to those 

that can be seen by the naked eye. The use of GGBFS not only eliminates pores but is 

also believed to reduce the size of pores as well. This is due in part to the 

transformation ofCH within a pore to C-S-H during a pozzolanic reaction. In 

essence, this process decreases the solubility of the concrete (Mindess, 2003). 

Another important factor on a concrete's permeability is thew/c. The lower the w/c 

the less permeable the concrete will be. 

There are three categories of measurement used to determine a concrete's 

permeability. Two ofthese are traditional methods which involve the flow or 

movement of water through a concrete, while a third indirect method involves the 

flow or movement of an electrical current. The indirect method is the most commonly 

used due to the difficulty in calculating the flow of water through a concrete medium. 

The indirect methods are known as rapid chloride-ion permeability tests (RCPT). In 

these tests a voltage is applied to the sides of a concrete specimen (typically a 

cylinder 4 inch (1 02 mm) diameter by 2 inch (51 mm) height with solutions of 

sodium chloride and sodium hydroxide on opposite ends. The amount of charge that 

has passed through the specimen in 6 hours is used as a measurement of permeability. 

Regardless of method, permeability measurements show significant variability with 

coefficients of variation between 30 and 50% (Mindess, 2003). This has caused some 

researchers to believe that the RCPT method only measures concretes conductivity 

and not the permeability. 
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According to Shi, et al, ( 1998), who investigated the effects of GGBFS on the 

permeability of concrete, the addition of mineral admixtures such as fly ash, silica 

fume and GGBFS may affect the RCPT values due to the altering of the conductivity. 

This change in conductivity is caused by the change in pore fluid chemistry. A 

hardened concretes pore fluid typically consists of sodium (Na), potassium (K) and 

hydroxide (OH) ions. The report indicated that the introduction of GGBFS decreased 

the concentration of the K and OH ions while increasing the Na ion concentration. 

With these changes in pore chemistry comes a change in a concretes specific 

conductivity. When comparing the specific conductivity of a concrete made from 

1 00% PC to a mixture made with 50% GGBFS, the difference in specific 

conductivity at 28 and 730 days of age was 3.25 and 24% respectively. They 

concluded that RCPT tests should not be used to evaluate the permeability of 

concretes containing mineral admixtures. 

Sivasundaram and Malhotra (1992) studied the effects of GGBFS on a 

concrete ' s permeability using high replacement amounts between 50 and 75%. The 

w/c ranged from 0.27 to 0.45. The permeability was determined based on the 

specimens resistance to chloride-ion penetration measured according to AASHTO 

T277-83. All mixtures contained air-entraining admixture and had target air contents 

of 5.0%. A high range water reducing admixture (HRWRA) was also used on all 

mixtures. All specimens were cured at 1 00% humidity and 68 °F (20 °C). The cement 

used was a Type I; however neither the GGBFS grade nor the fineness was specified. 

The chloride-ion penetration tests were performed at 28 days of age. The results of 

this study are shown in Table 2.3. 
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Table 2.3 28-Day Chloride-Ion Penetration Results for Concretes Containing 

GGBFS vs. Control Mixtures with 100% PC, (Sivasundaram, 1992). 

Mixture Series w/c 
GGBFS Chloride-Ion 

Replacement Penetration 

(#) (rat io) (%) (Coulomb) 

3 0.29 75 174 

2 0.34 70 230 

6 0.28 70 2 13 

9 0.27 65 321 

I 0.45 60 829 

5 0.36 60 325 

8 0.3 0 60 276 

4 0.45 50 1159 

7 0.38 50 383 

Control- I 0.39 0 2984 

Control-2 0.31 0 1283 

Control-3 0.27 0 1305 

The result show that the resistance of the concretes to chloride-ion penetration 

increased with increasing slag content. Mixture #6 and #8 had chloride-ion 

penetrations of213 and 276 coulombs respectively. Compared with simi lar w/c 

control mixtures #3 and #2 which had a chloride-ion penetration of 1305 and 1283 

coulombs, the decrease in penetration is roughly between 85 and 80 percent. What is 

also easily verified from this research is that as w/c decreases, the chloride-ion 

penetration resistance increases substantially. When compari ng the control mixtures 

and GGBFS mixtures with two or more w/c values, as w/c decreased the penetration 

decreased. 
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2.2.4.3 Freeze-Thaw Durability 

The effect of GGBFS on a concretes resistance to freeze-thaw cycles is scattered. 

Some studies have found little to no benefit from the use of GGBFS, while others 

have fOLmd detrimental effects from the use of slag. Several factors determine how 

well a concrete will withstand freeze-thaw cycles. A concretes resistance to freezing 

and thawing depends on the permeability, the degree of saturation of the paste, the 

amount of freezable water, the rate of freezing, the average distance from any point in 

the paste to a free surface where ice can safely form and strength (Mindess, 2003). 

Air-entrained concrete is commonly used today in areas where freeze-thaw durability 

is needed. These air-entrained concretes have small evenly dispersed air pockets 

which allow ice crystals to form (within the free surface) in the paste without causing 

excessive tensile forces. However, even air-entrained concrete will not be able to 

withstand repeated freeze-thaw cycles without strength. Strength and w/c go hand in 

hand and according to theory a fully hydrated concrete with w/c below 0.36 will not 

even need air-entrainment. This is due to the lack offreezable water available within 

the paste. It has also been noted that current test methods to determine a concretes 

resistance to freezing and thawing such as ASTM C666, are not clear indicators to 

actual field conditions and the results should be used with caution (Mindess, 2003). 

Laboratory conditions caused by ASTM C666 are extremely harsh and unrealistic for 

most applications, especially the high rate of freezing (5 °F/h (2.8 °C/h)). 

Hogan and Meuse! (1981) investigated the durability of concretes containing 

50% GGBFS using ASTM C666 procedure A. Concrete beams were cast for a 

mixture containing 50% GGBFS as well as concrete made from 100% PC as a 

control. The total number of freeze-thaw cycles these beams were subjected to was 

301. The results indicated that both concretes achieved similar results. The 50% 

GGBFS had a durability factor of91 and the control mixture had a durability factor of 

98. They also concluded that the weight losses and expansion differences between the 
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mixtures determined during testing were negligible and both mixtures produced 

sound concretes. 

Lane and Ozyildirim (1999) performed freeze-thaw testing on several 

concrete mixtures containing 25, 35 , 50 and 60% GGBFS replacements. The GGBFS 

was Grade 120 and all mixtures had w/c of0.45. The testing method used was ASTM 

C666 procedure A, where the specimens are subjected to 300 cycles of freezing and 

thawing while being immersed in a 2% sodium chloride by mass solution. This 

procedure is quite severe and all specimens performed very well with durability 

factors greater than 100 for all specimens including the control beam made with 

100% PC. The 25, 35 and 50% GGBFS beams had percentage of weight losses below 

3% while the 60% GGBFS beam had a loss of7.7% which exceeds the maximum 

permissible limi t of7.0%. The scaling observed on all GGBFS specimens was only 

on the surface and it is believed this would not be detrimental to use on roadways (a 

primary basis for this study) since the loss of the top surface lends to increased 

traction for tires. 

2.2.4.4 Resistance to Sulfate Attack 

Sulfate attack is a complex process which may involve all hydration products within 

the cement paste. However, a clear correlation has been established between the tri

calcium aluminate (C3A) content and a concretes susceptibility to sulfate attack. 

When C3A hydrates with Gypsum (added to ground clinker during cement 

production) and water, the product formed is called ettringite. Ettringite is stable as 

long as gypsum is present. However, when the gypsum is used up, ettringite and any 

remaining non-hydrated C3A will react a second time to form mono-sulfoaluminate. It 

is the mono-sulfoaluminate that is very unstable in the presence of sulfate. Sulfates 

are present in many ground waters, soils and clays and also in sea water. If sulfate 
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comes into contact with mono-sulfoaluminate, a reaction will take place and ettringite 

will reform causing excessive stresses within the cement paste leading to rapid 

deterioration. Reactions can also take place between sulfates and the CH and C-S-1-I 

within a hardened cement paste. Reducing a concretes susceptibility to sulfate attack 

involves decreasing the C3A content, lowering the w/c which increases the strength 

and decreases the permeability. 

It is well documented that concretes containing GGBFS replacements of 50% 

or more have shown significantly greater resistances to sulfate attack. A minimum 

replacement of 50% GGBFS is recommended when used with Type I cements that 

have C3A contents up to 12% (ACI 233R, 2000). It is also recommended that the 

alumina content of the GGBFS be no greater than 11% and in certain studies it was 

found that when slags are used that have less than 11% alumina, increases in sulfate 

resistance were found regardless of C3A content in the cement. Hogan and Meuse! 

(1981) investigated the resistance to sulfate attack with concretes having between 40 

to 65% replacements with GGBFS. The method oftesting used was the Wolochow 

Method (lean mortar bar method). They found that mortar bars with 65% GGBFS had 

expansions of only 0.07% at 70 weeks of age compared to 0.12% for similar bars 

made with 100% PC. 

Frearson and Higgins (1992) conducted research on mortar prisms to 

determine the effects of GGBFS on resistance to sulfate attack. The prisms were 

made with Type I cement and varying amounts of GGBFS up to 70% replacement. 

Neither the grade of slag nor the fineness was specified in the report. The specimens 

were cured in water for a period of 14 days. After curing the specimens were placed 

and kept in a 0.31 molar solution of sodium sulfate (Na2S04) for 4 years. It was 

determined from this research that as the GGBFS content increased the expansive 

damage caused by sulfate attack decreased. The prism made with 70% GGBFS had a 

26 



total expansion less than 0.01 %, compared to the control prism made of 100% PC 

which had completely disintegrated after only 4 months of exposure. 

Stark (1989) performed an extensive study into the effects of sulfate rich soi ls 

on concrete. A total of 48 different concrete mixtures were tested during this research 

and included three types of cement (1, II and V) as well as various percentages of 

supplementary cementitious materials including GGBFS. Two different GGBFS 

types were used , however the grade was not specified. The fineness of these two slags 

were 5485 and 4415 cm2/g (2678 and 2156 ft2/lb). Three separate total cementitious 

batches with contents of 376, 517 and 658 lb/yd3 (223, 307 and 390 kg/m3
) for each 

mixture were investigated. Three beams measuring 6 inch x 6 inch x 30 inch (152 mm 

x 152 mm x 762 mm) were made for each mixture and cured for 27 days in 100% 

humidity and 73 °F (23 °C) and thereafter for the remainder of one year at 50% 

humidity and 73 °F (23 °C) before testing began. Cylinders were also cast for testing 

the 28-day strengths of the mixtures. After one year of curing the specimens were 

placed outside three inches deep in sulfate rich soil for a total of 5 years and inspected 

on an annual basis. Specimens were rated on a scale of 1 to 5 based on amount of 

deterioration, were 5 is the worst rating and 1 indicates no deterioration. A summary 

of the results including the control specimens and specimens made with GGBFS are 

shown in Table 2.4. 

In general the results show a significant reduction in sulfate resistance as w/c 

increases. This is most probably due to the decrease in permeability as w/c increases. 

All GGBFS beams with cementitious contents of 376 lb/yd3 (223 kg/m3
) performed 

poorly with the best rating of 4.6. Results indicate that conditions only slightly 

improved for the GGBFS mixtures as cementitious contents increased to 517 and 658 

lb/yd3 (307 and 390 kglm\ however the w/c also decreased substantially as well. 

Regardless of GGBFS replacement, all control beams made with 100% PC 

(regardless of cement type) outperformed the GGBFS beams in nearly all the tests. 
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When comparing the 40% replacement to the 65% replacement GGBFS beams, the 

increase in slag content decreased the resistance to sulfate attack. What is also 

interesting is that when comparing the control beams made with 100% Type II PC to 

the GGBFS beams made with Type II cement, the GGBFS had a negative effect. The 

alumina content of both these slags was 9.40 and 6.1% which is below the maximum 

recommended amount (11 %) specified by ACI-233R to achieve adequate sulfate 

resistance. 

Table 2.4 Visual Results of GGBFS Beams Tested in Sulfate Rich Soil After 5 

Years Exposure (Stark, 1989). 

rJ) 3761b/yd3 5171b/yd3 6581b/yd3 t"' 
n > 
t!> C') 
3 ~ rJ) rJ) rJ) 
t!> - ~ - ~ - ~ = MixiD = ~ 

~ ~ ~ 
~ ~ ~ 

~ ~ - t!> t!> - t!> ::t. t!> ::t. 
...-3 = -.. = s· -.. = -.. = t!> t':> IJCl t':> IJCl = t':> IJCl = '< "' - IJCl - IJCl - IJCl 

'"0 "' =- =- =-t!> 

(cm2/g) (#) (psi) (1-5) (#) (psi) (1-5) (#) (psi) (1-5) 

I Control N/A 0.71 4030 5.0 0.46 6380 4.3 0.39 7440 1.5 

II Control N/A 0.71 3980 3.9 0.49 5640 2.9 0.38 7120 1.7 

v Control N/A 0.65 4140 4.4 0.45 5420 1.8 0.37 6620 1.3 

II 40% GGBFS 5485 0.67 4900 5.0 0.47 6750 3.4 0.39 7400 2.0 

II 65% GGBFS 5485 0.66 4230 5.0 0.47 6180 4.0 0.37 6900 3.0 

II 40% GGBFS 4415 0.7 1 3690 4.6 0.50 6080 3.3 0.41 7620 3.1 

II 65% GGBFS 4415 0.72 3060 4.8 0.50 5290 3.7 0.40 7000 3.4 
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The author pointed out that these results are contrary to common laboratory 

results regarding the sulfate resistance of GGBFS concretes, and thi s was attributed to 

the harsher conditions of this test, albeit more realistic. Specimens were outside and 

underwent constant wetting and drying cycles. This is opposite of laboratory 

conditions were specimens are submerged in a sodium sulfate solution for the 

duration of the test. It was also pointed out that almost all specimens were only 

deteriorated above grade, and the bottoms of most beams were mostly undamaged. 

This was probably due to the more consistently moist environment below the soil (i.e. 

less wetting and drying cycles). This strengthens the belief that laboratory conditions 

due not clearly represent actual exposure conditions where concrete is in contact with 

sulfate rich soils. 

2.2.4.5 Alkali-Silica Reactivity (ASR) 

Studies have shown that the incorporation of GGBFS in concrete can reduce the 

potential for ASR when reactive aggregates are used. In general , the causes of alkali

silica reactions are due to the alkali content in cement and the silica in the aggregate . 

The reaction between a reactive aggregate and the alkalis from the cement can cause 

an expansive gel to form around the aggregate particle. This expansion can ultimately 

destroy a concrete. ASR is a complicated reaction which involves many different 

factors. The general factors that can be used to control the effects of ASR in a 

concrete are: control of the alkali concentrations (primarily from cement), control of 

the amount of reactive silica (aggregate), control moisture penetration (permeability), 

control the pH in the pore solution and alteration of the alkali-silica gel that forms 

during the reaction (delay deterioration), (Mindess, 2003). GGBFS uses alkali to 

hydrate and thus helps reduce the alkali content available to react with aggregates. 

GGBFS also helps reduce permeability which helps reduce the ASR potential. 
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Simply finding aggregates that are not reactive is becoming more and more 

difficult due to the availability of quality aggregate sources. As previously stated in 

the introduction, the availability of quality aggregate sources has diminished over 

time and concrete batch plants are being forced to use lesser quality aggregates. 

Therefore, other techniques are being used today to eliminate the potential for ASR. 

The use of pozzolans is a common method employed to reduce the potential for ASR 

in concrete. According to ASTM-C989, concretes made with GGBFS replacements 

greater than 40% showed reduced expansions due to alkali-silica reaction when used 

with cements having alkali contents up to 1.0%. According to ACI-233R, 

replacements of 50% or more with GGBFS have been effective in reducing the 

potential for alkali-silica reactions when used with high alkali cement and reactive 

aggregates. 

Detwiler (2003) studied the effectiveness of using GGBFS in mitigating the 

expansive reactions caused by ASR. The purpose of the research was to investigate 

the effectiveness that pozzolans have on three particular factors that are believed to be 

connected with use of pozzolans in controlling A SR. These factors included; dilution 

of the alkalis in the cementitious paste, reduction of permeability and binding of the 

alkalis. A moderately reactive aggregate was used as well as two different Type I 

cements having alkali contents of0.46 and 0.92%. Two GGBFS specimens were 

made for each test and consisted of 35 and 50% replacements. Multiple specimens 

were also made with fly ashes having varying CaO contents. Control specimens were 

also made with 100% PC. Neither the grade nor the fineness of the slag was specified. 

Mortar bars were prepared and tested according to ASTM-C1260 for 14 day 

expansions. In the ASTM-C 1260 test, an abundant supply of alkalis is available from 

the solution in which specimens are submerged. Concrete prisms were also fabricated 

and tested according to ASTM-C1293 for 2 year expansions. In the ASTM-C1293 

test, only the alkalis from the cement paste are available for the duration of the test 
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(i.e. not submerged in alkali rich solution). The cements with alkali contents of 0.46 

and 0.98% were used for the C1293 and C1260 tests respectively. The results are 

shown in Table 2.5. 

Table 2.5 Results of ASR Expansion Tests on GGBFS Specimens Tested 

According to ASTM-C1260 and ASTM-C1293, (Detwiler, 2003). 

ASTM-C1260 Expansion ASTM-C1293 Expansion 

Mixture ID at 14-days, % Mixture ID At 2-years, % 

Failure Criteria > 0.10% Failure Criteria > 0.04% 

Control (0.98) 0.25 Control (0.46) 0.14 

35% GGBFS 0.17 35% GGBFS 0.06 

50% GGBFS 0.06 50% GGBFS 0.03 

15% Low-CaO F.A. 0.09 15% Low-CaO F.A. 0.06 

25% Low-CaO F.A. 0.03 25% Low-CaO F.A. 0.04 

15% Med-CaO F.A. 0. 17 15% Med-CaO F.A. 0.12 

25% Med-CaO F.A. 0.16 25% Med-CaO F.A. 0.07 

15% High-CaO F.A. 0.20 15% High-CaO F.A. 0.20 

25% High-CaO F.A. 0. 18 25% High-CaO F.A . 0.15 

As can be seen by observing the results, GGBFS replacements of 35% 

decreased the expansions during both procedures; however it was not enough to 

achieve passing scores. For both the tests performed, the 35% GGBFS specimen did 

not meet the passing criteria. However, onl y two specimens passed the ASTM-C1260 
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which included the 50% GGBFS specimen. The 50% GGBFS specimen 

outperformed all specimens for the ASTM-C 1293 test with an expansion of only 

0.03%. Although not achieving a passing score, it should be noted that the specimen 

with only 35% GGBFS performed better than all specimens except the 25% Low

CaO F.A. during the ASTM_Cl293 test. 

Higgens and McLellan (2009) performed extensive studies over a period of 

ten years to study the effectiveness of GGBFS in reducing ASR expansion. The 

concrete mixtures were made such that the total reactive alkali contents varied from 

0.31 , 0.37, 0.44 and 0.50 lb/ft3 (4.96, 5.92 and 7.05 kg/m3
) using three types of 

cement and two types of GGBFS. Several hundred concrete prisms were made with 

varying amounts of GGBFS from 0-70% replacements. Natural aggregates were used 

that were known to have caused ASR expansion in structures. The cement types used 

were designated low, medium and high for alkali contents of 1.15, 0.87 and 0.54% 

respectively. The testing was performed in the UK and methods as well as standards 

varied from ASTM Standards and Methods. Whether or not the UK has a standard 

method of rating GGBFS is unknown, however neither the grade nor the fineness of 

the slag used was specified. The alkali contents for the two types of slag designated 

low and high were 0.58 and 0.83% respectively. Two different temperatures were 

used during testing, 68 °F and 100 °F (20 °C and 37.8 °C). The higher temperature 

was chosen to investigate whether accelerated expansions would take place and more 

importantly, whether the results from both tests would correlate. The specimens were 

tested for a total often years according to British Standard Institution Procedure DO 

218 :1995. 

The results if this study showed that the accelerated curing temperatures did 

increase the expansion rates by as much as 3.0 %. The results for the accelerated tests 

also correlated well with those from the standard test method. The author found that 

in general as the amount of alkali increased, the expansions increased and as GGBFS 
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content increased, the expansions decreased. What is also interesting is that none of 

the specimens made with 70% GGBFS expanded significantly, even with total alkali 

contents up to 0.6 lb/ft3
. For the specimens made with 50% GGBFS, expansions 

greater than .1 0% were only examined when the total alkali contents were far in 

excess of what would be found in the field . They also determined that half of the 

alkali content is contributed by the slag itself only when used in replacement 

percentages up to 25%, and beyond this the alkali contents of the slag no longer 

become a factor. 

2.2.5 Summary 

This literature review showed that there can be both positive and negative effects 

from the use of GGBFS in a concrete mixture. There was evidence that higher 

dosages of air-entraining admixture and HR WRA may be needed if GGBFS is used. 

This dosage increase appears to be related to the fineness of the GGBFS and with 

increasing fineness, one can expect to see an increasing demand on admixture dosage. 

Temperatures are expected to decrease in a concrete mixture and the degree will 

depend on the amount of GGBFS used as replacement. The workability of concretes 

made with GGBFS is expected to increase with increasing slag content. This increase 

in workability will also be related to the grade and fineness of slag used and will 

decrease as these attributes increase respectively. Concretes made with GGBFS will 

typically show higher later age strengths than earlier age when compared with control 

mixtures made of 100% PC. The higher grading of slag used will tend to reflect 

higher strengths and strength gains due to reactivity. The optimum replacement levels 

for the greatest strengths tend to be around 50% for GGBFS. Typically, strengths 

have shown an increase up to 50% and decreasing or similar strengths thereafter 

when compared to control mixtures. 
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The permeability of concrete will decrease with increasing slag content. This 

decrease in permeability is associated with several other increases in durability for 

GGBFS concretes. The use of GGBFS will typically increase sulfate resistance and 

may or may not have an effect on the freeze-thaw durability. The increase in sulfate 

resistance will increase with increasing slag content but may exhibit conflicting 

results in actual field conditions where sulfate rich soils are encountered. The 

resistance to freeze-thaw will typically decrease with replacement levels in excess of 

50%. The resistance to ASR expansion will most probably increase with increasing 

slag content when compared with concretes made of 100% PC and similar 

aggregates. Significant increases in resistance to ASR expansion have been shown at 

typically higher replacement levels of 50% or more. 

2.3 Waste Glass as Aggregate 

The majority of crushed glass (approximately 80%) that exists in the recycling stream 

comes from bottles. These bottles wi ll primarily be from beer and soda but may also 

come from other food sources. The recycling of glass is difficult and costly due to the 

usual need of separating the glass colors before recycling. This will depend on end 

use though as the glass will maintain its color after recycling. Not all glass can be 

recycled due to impurities and contaminants which are difficult to remove and 

because frequently the bottles are broken or damaged which makes re-use impossible. 

Difficulties in achieving the cullet (crushed waste glass) specifications required by 

many bottle manufacturers have resulted in a low market value for crushed glass and 

the bulk of crushed glass ends up in landfills. In 2007 an approximated 13.6 million 

tons of waste glass was generated and only 24% ofthis was recycled (Verdugo, 

2009). The excessive shipping costs for bulk glass to manufacturing plants are also 

prohibitive due to the high density of glass. 
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The use of glass in concrete is gaining interest because of the potential bulk 

use as a fine aggregate. However, many earlier studies on the use of glass in concrete 

have shown that poor quality concrete is a result due to alkali-silica reactivity 

between the glass particles and the cement paste. This trend is changing as more ways 

to mitigate the ASR potential are becoming known. Due to the taboo of using glass in 

concrete, the research is limited and allot of information on the subject aside from 

ASR studies is minimal. Some newer research into glass as aggregate has found that 

pulverized glass (powdered glass) will actually mitigate potential ASR and may also 

act as a pozzolanic material. 

2.3.1 Production 

Waste glass comes from glass recycling plants which collect the glass from 

households and commercial facilities. The glass is stockpiled at the recycling facility 

and may or may not be separated based on color. The separation of glass with regards 

to color is done because glass will maintain its color after recycling and depending on 

end use this separation may be required. The color of the glass will also dictate the 

chemical composition because of the chemicals added during original production to 

alter the color. This separation of glass at the recycling plant may also be required 

because of this chemical incompatibility of different colors. The primary colors that 

make up the majority of the glass in the recycling mainstream are brown (amber), 

green and clear (transparent). 

The typical process of recycling bottles involves multiple crushers which 

decrease the size of the glass particles more after each crusher. The glass moves along 

a conveyer belt from one crusher to the next while vacuums and magnets remove any 

labels or other foreign objects. After all crushing has taken place the glass drops into 

a hopper and is ready for the furnace where it will be melted down. At this stage the 
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crushed glass is called "cullet". Washing of the cullet may or may not take place 

prior to entering the furnace and depends on the plant operation. 

2.3.2 Physical and Chemical Properties 

Since most of the glass that makes up the recycling stream is composed of containers 

such as beer and other carbonated beverages, the chemical and physical composition 

of these glasses will be discussed. Glass is an amorphous (non-crystalline) solid 

structured material. The type of glass used to make common beverage containers is 

called soda-lime glass and is primarily made from quartz with the addition of other 

materials to help the fusing process. The tem1 soda-lime comes from the addition of 

lime (CaO) during the manufacturing process. Soda lime glass has a smooth surface 

and is non-porous in nature (non-water soluble). This smooth surface raises concern 

with regards to strength since the weakest link in the concrete matrix is the bond 

between aggregate and cementitious paste. Replacing a natural sand aggregate which 

has a rough surface with a smooth surfaced glass may result in decreased strength at 

the interfacial transition zone (ITZ). 

Ordinary soda-lime glass will be colorless without the addition of chemical 

compounds to change the tint. FeO and Cr20 3 are added to the glass to make the 

green colored bottles. Sulfur, carbon and iron salts are added to the glass if amber or 

brown colored bottles are made (www.glassproperties.com, 2011 ). As will be 

discussed later, the color of the glass is believed to have significant impacts on the 

ASR potential due to the variation in chemical composition. Table 2.6 shows the 

typical molecular compounds and percentages that make up soda-lime glass. 
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Table 2.6 Typical Chemical Compositions Percentages of Soda-Lime Container 

Glass, (Weihua Jin, 2000) 

Clear Glass Amber Glass Green Glass 
Compound 

(%) (%) (%) 

Si02 73.2 - 73.5 71.9-72.4 71 .27 

AI20 3 1.7-1.9 1.7 - 1.8 2.22 

CaO + MgO 10.7- 10.8 11.6 12.17 

Na20 + K20 13.6 - 14.1 15.8 - 14.4 13.06 

so3 0.20 - 0.24 0.12-0.14 0.052 

Fe20 3 0.04 - 0.05 0.30 0.599 

Cr20 3 ------ 0.01 0.43 

Aside from the properties associated with the glass manufacturing itself, 

recycled waste glass wi ll also contain other impurities on the surface that are 

associated with the contents the glass container once held. Sugars and other organic 

contaminants may be present. Washing of the waste glass will typically remove most 

of these contaminants but this process can be costly. Other contaminants such as 

remnants of the paper labels and various metal objects (i .e. aluminum, bottle caps, 

etc.) not picked up by the magnets and vacuums during the crushing process can also 

be found. If aluminum remaining from labels or other sources is not removed the 

reaction between the alkalis and the aluminum wi ll produce hydrogen bubbles. For 

this research project the glass was used "as received" from the recycling plant 

(unwashed). 

The average specific gravity for soda-lime glass is 2.52, (en.wikipedia.org, 

2011). The absorption capacity of the glass itse lf should be relatively 0.00%. 

However, due to the contaminants within the waste glass stream, especially small 

paper label fragments, wi ll actually increase the absorption capacity slightly from 
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zero (C. Meyer, 2001). The fineness modulus, particle size and gradations ofwaste 

glass will ultimately depend on the recycling plants crushing technique and wi ll vary. 

2.3.3 The Effects of Waste Glass on Fresh Concrete Properties 

2.3.3.1 Slump 

Polley (1996) performed extensive studies to determine the effects of waste glass on 

fresh properties of concretes made with varying amounts of waste glass as aggregate. 

The study included various replacement amounts of both coarse and fine aggregate 

with waste glass. Waste glass replacement levels ranged from 0 (control) to 90% of 

total aggregate volume. They investigated the required amount of mixing water 

necessary to achieve a target slump of 50 mm (2.0 inch). Therefore the w/c was 

varied throughout this research project. These concrete mixtures also had varying 

amounts of Class F fly ash used as supplementary cementitious material ranging from 

20 to 30%. 

' 
The results showed a linear trend of increasing water content as total glass 

content increased. What was also observed and noted in the report was the 

segregation of the waste glass with the cement paste. This was most notable with the 

coarse glass aggregate. A poor bond between the glass and cement paste existed and 

the angularity of the glass also contributed to the poor workability. The concretes 

were difficult to work with and finish properly (actual sidewalk slabs were placed for 

this research). They also core drilled these slabs at a later date and noted that the 

consolidation at the bottoms was typically poor. 

Ahmad Shayan and Aimin Xu (2005) examined the fresh concrete properties 

of several concrete mixtures composed of varying amounts of waste glass as fine 

aggregate. Replacement levels of 40, 50 and 75% were investigated for this research. 
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A constant w/c value as well as total cementitious content was used. Glass powder 

was used as a supplementary cementitious material on several mixtures. Table 2.7 

below summarizes the mixture properties and fresh properties for several selected 

mixtures. The CGS in the mixture identification signifies crushed glass sand, or waste 

glass used as fine aggregate and the replacement level used. It was indicated that 

HR WRA was used on some mixtures but the documentation was vague regarding 

which mixtures, as well as dosage rate. 

Table 2.7 Mixture Properties and Slump Results of Concretes Containing Waste 

Glass as Fine Aggregate, (Shayan et al, 2005). 

Cement 
Glass 

Slump 
Mixture ID Powder w/c 

(lblyff) 
(lblyff) 

(inch) 

# I Control 640 0 0.49 2.75 

#7 40% CGS 448 192 0.49 2.00 

#6 50% CGS-1 512 128 0.49 3. 15 

#9 50% CGS-2 640 0 0.49 2.75 

#8 75% CGS 448 192 0.49 2.00 

These results are interesting because it does not appear that the glass had any 

effect on the workability of these mixtures. For instance, when comparing Mixture #1 

(control) with Mixture #9 the slumps are identical. Both mixtures had the same 

cementitious and only varied in waste glass replacement which was 50% for mixture 

#9. The same similarities can be observed when comparing Mixture #7 with Mixture 

#8. The replacement of fine aggregate with waste glass between these mixtures is 
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35%, but the slumps were identical. A relationship can be seen between glass powder 

and increase in slump when observing Mixture #6 and Mixture #9. As mentioned 

previously, the usage ofHRWRA was specified but the information was vague and it 

is assumed that all mixtures contained some amount ofHRWRA. The author did 

point out that the workability of the waste glass mixtures was harsh and that the 

harshness increased as glass content increased. 

2.3.3.2 Air Content 

The air contents of concretes made with crushed glass as aggregate do not show any 

significant differences when compared with natural aggregate concretes based on the 

studies investigated. Polley ( 1996) investigated multiple replacement levels of natural 

coarse and fine aggregates with crushed waste glass and found only a small difference 

in AEA dosage requirements. However, the small additional AEA dosage that was 

required on mixtures that had replacements of aggregate with waste glass also 

contained fly ash and the increase was associated mainly with the fly ash, not the 

waste glass. There was a difference in required AEA dosage for the glass powder 

mixtures once the replacement level exceeded 15%. However, powdered glass is not 

considered an aggregate as the fineness can be well in excess of even cement (8000 

cm2/g (3906 ft2/lb)). 
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2.3.4 The Effects of Waste Glass on Hardened Concrete Properties 

2.3.4.1 Strength 

Polley (1996) performed extensive studies to determine the effects of waste glass on 

the strength of concretes made with varying amounts of waste glass as aggregate. The 

glass used was a combination of various colors directly from the recycling plant. The 

study included various replacement amounts of both coarse and fine aggregate with 

waste glass. The w/c values ranged considerably throughout this study due to the 

increased water demand as glass content increased. A target slump of 50 mm (2.0 

inch) was specified and the additional water added to achieve this workability 

sometimes caused a useless mixture. These concrete mixtures also had varying 

amounts of Class F fly ash used as supplementary cementitious material ranging from 

20 to 30%. A low alkali cement and a moderate alkali cement were used. 

The results of these studies are too extensive to tabulate and therefore only the 

key findings will be discussed. The results of this study showed that as glass content 

increased the strengths decreased. This relationship was most pronounced with the 

coarse glass aggregate concretes and was attributed to the plane of weakness 

associated with the larger glass particles. The glass particles are also not as strong as 

natural aggregates and are susceptible to fracture which may cause lower strengths as 

well. The effects of reduced strength decreased as the fineness of the glass increased. 

The low alkali cement mixtures exhibited greater strengths than the moderate alkali 

mixtures which suggest that ASR was a contributing factor to strengths. A reduction 

in strength loss from 20% to only 5.0% when using low alkali cement as opposed to 

moderate alkali cement was realized. They concluded that an optimum replacement of 

20 to 24% and limiting the glass to only fine aggregates would limit the decrease in 

strengths to only 5.0% when compared with a similar control mixture. Another 

substantial observation made was the differences in strength when comparing the 
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unwashed glass to the washed glass concrete mixtures. They investigated similar 

mixtures that used the same replacement amounts of glass and either used the glass 

"as received" or washed the glass prior to usage. For mixtures containing 40% coarse 

glass aggregates the difference in strengths is 20%. For mixtures containing 25% 

glass as fine aggregate the difference in strengths are 40% at 28-days of age and 44% 

at 56-days of age. This reduction in strength was attributed to the presence of sugars 

and other contaminants remaining on the glass. 

M. Mageswari et al (20 1 0) investigated the strengths of concretes containing 

various replacement amounts of natural sand fine aggregate with waste glass fine 

aggregate. This waste glass was composed entirely of sheet glass scraps collected 

from local shops near the area were the research was conducted. The sheet glass was 

crushed and graded similar to the fine aggregate it was to replace. The glass al so 

consisted of multiple colors and was not separated prior to usage. To investigate the 

effects on concrete strength, replacement levels of 1 0, 20 ... and up to 100% of the fine 

aggregate was used. Their results indicated that the optimum replacement levels were 

between 10 to 20% of the fine aggregate. All mixtures showed an increase in strength 

when compared to the control mixture for the earlier age groups (up to 90-days). 

However, at 180 days of age all mixtures showed decreased strengths when compared 

to the control specimens. Although the concretes were not tested for this reaction, the 

strength reductions were attributed to ASR. 

Ahmad Shayan and Aimin Xu (2005) examined the effects of glass aggregate 

on concrete strengths for various replacement ranges of fine aggregate. They also 

investigated the effects of glass powder (fineness of 8000 cm2/g (3906 ft2/lb)) on the 

strengths of concrete. Both the powdered glass and glass fine aggregate came from 

soda-lime waste glass. The mixtures were designed and later compared to a 5800 psi 

( 40 MPa) 28-day structural concrete mixture. Specimens were tested at 7, 28, 90 and 

404-days of age. Table 2.8 shows several key mixture designs as well as 28 and 404-
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day strengths. The CGS in the mixture identification refers to crushed glass sand as 

replacement of natural sand. Some mixtures had glass powder as a supplementary 

cementitious as well. It should be noted that the compressive strengths were 

approximated from bar chart as no tabulation of values was provided. Therefore, 

minor discrepancies in data may exist. 

Table 2.8 Mixture Properties and Compressive Strengths of Concretes 

Containing Waste Glass as Fine Aggregate, (Shayan et al, 2005). 

Compressive 

Cement 
Glass Strength 

Mixture ID 
(lblytf) 

Powder w/c (lb/in2
) 

(lblytf) 
28-Day 404-Day 

#I Control 640 0 0.49 8412 11 ,168 

#7 40% CGS 448 192 0.49 5076 8557 

#6 50% CGS-1 512 128 0.49 5221 8412 

#9 50% CGS-2 640 0 0.49 6237 8992 

#8 75% CGS 448 192 0.49 4641 8267 

When observing the compressive strengths of the waste glass concretes, only 

Mixture #9 achieved the required strength of 5 800 psi ( 40 MPa) at 28-days of age. All 

mixtures achieved the required strength by 404 days. The slowest strength gain came 

from the 75% CGS mixture but this mixture also had a 30% cementitious replacement 

with glass powder. Although all mixtures achieved significant results, the decrease in 

strength due to waste glass is evident when compared with the control mixture. When 

comparing the control mixture (Mixture #1) with Mixture #9 which both had 100% 
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PC as cementitious, the reduction in strength is over 2000 psi (13.8 MPa) for both age 

groups. The inclusion of the glass powder also had significant effects on strengths, 

but the reduction in PC used may well be worth this reduction. Unfortunately 

information regarding the waste glass was vague at best. No information was given as 

to whether or not the glass was processed further before mixing or whether or not any 

washing took place. 

2.3.4.2 Permeability 

Ahmad Shayan and Aim in Xu (2005) investigated the effects of crushed glass 

aggregate and powdered glass cementitious replacements on the permeability of 

hardened concrete at 380-days of age. The testing was performed according to ASTM 

C 1202 procedures. The replacements of fine aggregate with waste glass were 40, 50 

and 75% of the total fine aggregate content. Some mixtures also incorporated 

powdered glass as supplementary cementitious. The w/c was held constant as well as 

the total cementitious content. This study involved actual field testing in which slabs 

were placed and finished outside at a test facility. Cylinders were cored from the slab 

at the specified time of testing. When the slabs were constructed separate cylinders 

were also cast from the same batch and cured in the laboratory for comparison with 

field specimens. Table 2.9 summarizes the results from several selected tests of both 

the lab cured specimens as well as the field cured specimens for comparison. These 

results were scaled from bar graphs and therefore small discrepancies may exist. 
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Table 2.9 Mixture Properties and RCPT Result of Concretes Containing Waste 

Glass as Fine Aggregate at 380 Days of Age, (Shayan et al, 2005). 

Glass 
Field Laboratory 

Mixture ID Powder Charge Permeability Charge Permeability 

(lblyrf) 
Passed Class Passed Class 

(Coulombs) (Coulombs) 

# I Control 0 2400 Moderate 2450 Moderate 

#7 40% CGS 192 1200 Low 800 Very Low 

#6 50% CGS-1 128 850 Very Low 1000 Very Low 

#9 50% CGS-2 0 3400 Moderate 2600 Moderate 

#8 75% CGS 192 650 Very Low 600 Very Low 

The results show an increase in permeability as waste glass increases. When 

comparing field specimens for Mixture # 1 with Mixture #9 the difference is 1 000 

Coulombs. Mixture #9 had 50% waste glass as fine aggregate and did not have 

powdered glass as cementitious. The laboratory specimens for these two mixtures 

achieved conflicting results for Mixture #6 with a difference of 800 Coulombs. The 

exact opposite of this trend was observed for mixtures #7 and #8. Mixture #7 had 

40% glass content while Mixture #8 had 75% glass as aggregate. Mixture #7 with the 

lower amount of glass aggregate had significantly higher laboratory results when 

compared with Mixture #8. However, the field cured specimens both achieved similar 

results and a decrease in results was observed. Both of these mixtures as well as 

Mixture #6 did have powdered glass as cementitious added and this may have been 

the cause of the lower permeability's. When comparing Mixture #6 and Mixture #9 

the effects of powdered glass on permeability can readily be seen. 
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2.3.4.3 Freeze-Thaw Durability 

Polley ( 1996) investigated several different glass aggregate concrete mixtures for 

free-thaw durability. Most studies on glass aggregate are related to strength and ASR 

and therefore this was the only study that could be found on this subject. Several 

beams were fabricated with different glass contents and tested for 600 cycles of 

freezing and thawing. For this experiment, several mixtures with coarse aggregate 

replacements and fine aggregate replacements were investigated. The replacement 

amounts ranged from 12% to 36% for the coarse plus fine and 20% to 24% for the 

fine only. The degradation in durability factors for the coarse glass aggregate beams 

is more rapid than the fine glass aggregate beams. There is a correlation between 

increasing degradation rate and increasing glass content for the coarse plus fine glass 

replacement beams. This correlation does not exist for the fine glass only beams. All 

beams that had only fine glass replacements had durability factors greater than 85%. 

The coarse plus fine glass beams did not favor as well and several beams fell below 

80%. The author pointed out that all beams that failed exhibited strong performance 

up to about 70 cycles before an alarming drop in durability factor occurred. Another 

interesting point made is that all beams (even the control) showed a decrease in 

durability factor for the first 10 cycles by around 6 to 7%. The mass loss observed for 

the coarse plus fine glass mixtures showed very similar results between 2.5 and 3.5% 

loss at 350 cycles. 

The mass loss for the fine glass replacement beams showed more variations 

and were not as tightly grouped. These specimens performed worse than the 

combination specimens with mass losses between 2.5 and 6.5%. The severity of the 

mass Joss for both the fine and fine plus coarse glass replacement specimens was also 

correlated with the amount of replacements. As glass content increased the mass loss 

increased. 
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2.3.4.4 Alkali-Silica Reactivity (ASR) 

The alkali-silica reactivity between glass aggregate and cement is well documented . 

Many studies have shown that when crushed glass is used as an aggregate 

replacement, ASR is almost certain. However, more recent studies have also shown 

there are ways to successfully use glass in a concrete if proper techniques are 

employed. Mitigation techniques such as the use of pozzolans and even the type or 

color of glass has proven to be successful in reducing expansions caused by ASR to 

negligible levels. 

In general, the causes of alkali-silica reactions are due to the alkali content in 

cement and the silica in the aggregate. The reaction between crushed glass and the 

alkalis from the cement can cause an expansive gel to form around the glass particle. 

This reaction can cause excessive internal forces and may ultimately destroy a 

concrete. ASR is a complicated reaction which involves many different factors. The 

general factors that can be used to control the effects of ASR in a concrete are: 

control of the alkali concentrations (primarily from cement), control ofthe amount of 

reactive sil ica (aggregate), control moisture penetration (permeability), control the pH 

in the pore solution and alteration of the alkali-silica gel that forms during the 

reaction (delay deterioration), (Mindess, 2003). 

Most studies found that tested the potential for ASR in glass aggregate 

concretes followed the ASTM C 1260 procedures. This procedure is convenient 

because it lasts for only 2 weeks. However, this test as opposed to ASTM C 227, 

involves submergence of the specimens in a highly alkaline NaOH solution at 

elevated temperatures and is not representative of actual field conditions. This test has 

been shown to be highly reliable however and is the most common used (Weihua Jin , 

2000). Two reports on ASR testing conducted with concretes containing glass will be 

discussed later. Most research on glass aggregates and potential ASR have come to 
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the following similar conclusions. Where reactive glass was used, the particle size 

appears to have a direct influence on the ASR. This is because the ASR process 

involves the reaction between a solid (aggregate) and a solution (cement paste) and 

the surface area of the aggregate will play a major role in reaction rate. There is also a 

pessimum size that will cause the most significant expansions. Most past studies that 

found this pessimum effect theorized that it was related to the variation in alkali to 

silica ratio. They argued that the pessimum behavior was associated with a pessimum 

gel ratio. However, these tests were based on ASTM C 227 which has a fixed supply 

of alkalis during the procedure. 

There are two processes involved with ASR, gel formation and gel 

permeation. These two processes are both related to aggregate size. Gel formation 

will build up internal stresses within the concrete matrix, while gel permeation will 

tend to relieve these pressures. This is somewhat similar to the freeze-thaw process. 

Ice crystal formation causes excessive stresses in confinement, but where air voids 

are present the ice crystals will permeate to these areas and relieve stress. Gel 

formation predominates the coarser aggregate domain while gel permeation 

predominates the finer domain. This pessimum point is when there exists a balance 

between these two and the maximum expansion will take place. It has also been 

shown that decreasing the size of the glass particles to below a standard U.S. #50 

sieve (i.e. passing) will eliminate most ASR potential. 

Weihua Jin et al (2000) performed various studies into the effects of ASR on 

glass aggregate concretes. They first studied the effects of particle size on reactivity. 

They used a clear soda-lime glass for this portion of study and separated the glass into 

representative sizes corresponding to U.S. sieve sizes. They replaced 10% of the 

natural sand in the concrete with only one size for each mixture. Mortar bars tested 

according to ASTM C1260 indicated that the maximum, or pessimum size was the 

#16 sieve size (1.18 to 2.36 mm). What was also interesting is that for mortar bars 
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made with size #50 glass the expansions were identical to the reference bars made 

from only cement and natural aggregates. Mixtures made with glass particles equal to 

and smaller than #1 00 sieve actually showed less expansions than reference bars. 

The second phase oftesting involved the study of glass content on expansion 

rates. They made various mixtures with glass contents ranging from 0 to I 00% of the 

fine aggregate. These mixtures were made with glass matching the gradations of the 

control specimens. A clear correlation was made between expansion rates and glass 

content. As glass content increased, so did the expansion rates. The relationship was 

rather linear as well. 

The third phase of this study involved the investigation of glass color on ASR 

potential. Three separate groups of mortar bars were prepared for this investigation. 

Each group consisted of 10% replacement amounts of only one color of glass. The 

three groups consisted of green, brown (amber) and clear glass (previously 

investigated during phase 1). The results showed that clear glass has the greatest 

expansions. Amber glass was shown to be considerably less reactive followed by 

green glass which showed non-reactive behavior and when compared with reference 

bars, showed less expansions. The pessimum size for the amber glass was found to be 

#8 size and although not reactive comparatively with the reference bars, # 16 for the 

green glass. 

They concluded that glass color and particle size has an effect on reactivity. 

They confirmed that a pessimum size exists and that this size depends on color and 

glass type but will shift toward smaller particles the more reactive it is. They 

concluded that green glass caused no expansions to speak of and that finely ground 

green glass can be a relatively low cost alternative to ASR mitigation in concretes 

containing reactive aggregates. They indicated this was caused by the Cr20 3 content 

in the green glass. 
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Amhad Shayan (2002) studied the effects of crushed glass and powdered glass 

(8000 cm2/g (3906 ft2/lb)) on the ASR potential of concretes made with crushed glass 

as fine and coarse aggregate replacements. The coarse aggregate particle size range 

was 12 mm to 4.75 mm (1 /2 inch to 3/16 inch). The fine aggregate particle size range 

was 4.75 mm to 0.15 mm (1/2 inch to 1/200 inch). The waste glass used was a mixed 

colored soda-lime glass cullet from a local bottle recycling plant. The powdered glass 

was made from the cullet by further grinding. The Blaine fineness of the powdered 

glass was 8000 cm2/g (3906 ft2/lb). The testing procedure followed was ASTM C 

1260 for 28-days. 

They found similar results as Jin with regards to glass content and expansion. 

As the percentage of glass content increased the expansions increased linearly. They 

also found that replacements up to 30% of total aggregate were non-detrimental and 

expansions were insignificant when combined with low alkali cement. When 

investigating the gradation effects on expansion, they found direct correlations 

between particle size and expansion. The results show that expansions are negligible 

for particle sizes below 0.30 mm and that the coarse aggregates (greater than 0.60 

mm) showed the greatest expansion rates. Furthermore, it was concluded that as the 

particle size decreases the ASR potential not only decreases but the fine glass 

particles will actually help suppress ASR when combined with the larger coarse glass 

particles. Powdered glass was also found to be a good suppressant of ASR expansions 

when used at cement replacement amounts of 20 to 30%. 

2.3.5 Summary 

Most studies on the effects ofwaste glass on concrete properties were limited to ASR 

research. This topic is the most widely investigated because of the almost certain 

problem that arises when using a known highly reactive aggregate. The use of waste 
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glass as aggregate is becoming more excepted ifteclullques are employed to suppress 

the ASR. It was shown that particle size does have a pronounced effect as well as 

glass color on the ASR expansion rate. However, most waste glass is not sorted and 

the use of only green glass (which is non-reactive) is not a practical approach. 

Reducing the size of the waste glass to below a #50 sieve appears to eliminate the 

ASR potential, but at the same time is no longer an aggregate but more of a 

cementitious material or powder. Incorporating glass fines does tend to decrease the 

ASR potential when used in combination with fine aggregate waste glass. The 

existence of a pessimum size of glass particles appears to be well founded and hovers 

around the # 16 sieve size. The pessimum effect does not appear to be present when 

relating to content. As glass replacements increased the potential for ASR expansion 

also increased when mixed colored glass was used. 

The absorption of the glass will be relatively zero, but the effects on 

workability will increase as content increases. Typically most mixtures made with 

glass as aggregate exhibited harsh characteristics and these increased as content 

increased. The effects of AEA will probably remain the same or slightly increase for 

concretes made with waste glass aggregate. The strength of the concrete will probably 

decrease with increasing waste glass content. This is due to the relatively low strength 

of glass when compared to natural sand aggregate. The bond between the glass 

particle and cement paste will not be as strong because of the glassy smooth structure. 

Whether or not the glass has been washed will also have major effects on concretes 

strength. A reduction in strength of up to 40% was observed when comparing washed 

to unwashed glass. 

The permeability and freeze-thaw durability of concretes made with glass is 

not well understood or studied. Few studies could be found on these subjects. Of 

those found the general results showed that freeze-thaw durability ' s may decrease 

with increasing content. This decrease will also be more pronounced with increasing 
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glass size (i .e. coarse as opposed to fine). Once again, this can probably be related to 

the decreased strength and bond between glass particles and cement paste. The 

permeability of concretes using waste glass as aggregate will probably increase as 

replacement increases. This increase will depend on replacement amount and also on 

the fineness ofthe glass. The use of powdered glass actually decreases the 

permeability of concrete but this is more of a cementitious material and not an 

aggregate. 

2.4 Recycled Concrete as Aggregate (RCA) 

2.4.1 Production 

The recycled concrete used as aggregates in concrete comes from buildings, roads, 

bridges and other civil structures that have been demolished. Only non-contaminated 

concrete is accepted at plants and cannot contain any trash, wood or other materials. 

In the past, most recycling plants would not accept concrete with reinforcing however 

nowadays these concretes are being accepted more and more. Any concrete that is 

suspected of having alkali-silica reactivity or other deleterious mechanisms will also 

not be accepted. 

Typically the concrete is crushed to a reasonable size at the construction or 

demolition site before being transported to the recycling plant. There are portable 

crushers that can crush the concrete down into gravel at location and these are 

becoming more common as opposed to hauling large chunks to the recycling plant. At 

the recycling plant the concrete will be crushed further by primary and secondary 

crushers and filtered to remove contaminants and reinforcing steel. The reinforcing is 

removed by large magnets. The crushed concrete is then graded and washed. Most 

recycling plants will separate the crushed concrete into different piles which 
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correspond to a nominal maximum aggregate size (NMAS). Any contaminants 

removed including steel from reinforcing will then be sent to other recycling plants or 

landfills. 

RCA usage has increased over the years due to increased savings in mixture 

design as well as an increase in studies and data supporting the use of RCA as a 

respectable aggregate. Most commonly RCA usage is primarily in roadways but 

usage in buildings is growing (PCA, 2002). Another new approach to recycling 

concrete and reusing as aggregate will also be examined. This newer approach 

involves reusing the concrete that gets returned to batch plants after a job has 

finished. This concrete is crushed and stockpiled similar to RCA but is called crushed 

concrete aggregate (CCA). The differences between these two aggregates are greater 

control of properties due to the known properties of the source concrete, and also in 

the lack of potential contaminants in CCA. CCA has never been used in the field and 

chemical contamination from chlorides will also not be a concern. 

2.4.2 Physical and Chemical Properties 

The physical and chemical properties of recycled concrete aggregate (RCA) will vary 

greatly depending on the source of the demolished concrete. These properties will be 

directly related to the original aggregate used and also on the cementitious materials. 

Crushed concrete will not only contain the coarse aggregate but also chunks of motor 

containing the fine aggregate and cementitious paste. This paste will also surround 

portions of the coarse aggregate in varying amounts. Usually the NMAS will be 

consistent with the recycling plants designation when tested separately. Even if the 

concrete being recycled does not show signs of distress from alkali-silica reactivity, it 

should be tested because the aggregate may have been reactive but low alkali cement 

or other measures may have been used. Chloride content should also be tested 
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because ofthe high volumes of recycled concrete that come from roadways and the 

chlorides used to melt snow may be present. ACI 555R (2001) has developed 

requirements pertaining to the amounts of deleterious materials acceptable in coarse 

and fine RCA depending on type of deleterious materials. 

The unit weights and specific gravity will also vary greatly depending on the 

source but are typically lower than a normal virgin aggregate of similar properties. 

This is caused by the hydrated cement mortar still attached to the aggregates as the 

mortar will typically have lower density than the source aggregate (ACI 555R, 2001). 

The absorption capacity of recycled concrete aggregate will usually always be higher 

due to the increased porosity of the mortar chunks and cementitious paste surrounding 

the aggregate. Absorption values will typically range between 3 and I 0% and will 

increase as NMAS decreases (PCA, 2002). The shape of RCA will typically be 

angular and resemble crushed rock. This will also cause workability concerns as 

opposed to round natural stone. 

2.4.3 The Effects of RCA on Fresh Concrete Properties 

2.4.3.1 Slump 

Gholamreza Fathifazl et al (2009) examined the effects of RCA on the fresh 

properties of concrete. For this particular study a new mixture design was developed 

to incorporate the existing mortar content within the RCA. As previously stated, the 

RCA will contain chunks of mortar as well as cementitious paste surrounding the 

aggregates. This new method accounts for this preexisting mortar in the design 

process and subtracts this amount from the new cementitious quantities. Several 

mixtures were developed from varying RCA sources and compared with a similar 

control mixture composed of normal virgin aggregates and PC. A total of six RCA 
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mixtures were developed and tested. Five of these six mixtures contained varying 

amounts of water reducing admixtures. All RCA mixtures had significantly less 

slumps than the control mixture, even though the control mixture did not have 

HR WRA. This was attributed to the reduction in "new mortar" caused by this new 

design method. 

The U.S. Department of Transportation, Federal Highway Administration 

(FHW A) performed an extensive survey of all state transportation agencies to 

investigate the usage of RCA in roadway construction (U.S. Department of 

Transportation, FHW A, 2004) They found that although 41 states currently recycle 

aggregate from demolished roadways, only 11 of these states reuse the RCA in new 

roadways. They recommend that RCA must be treated as a lightweight aggregate and 

RCA requires special attention in order to achieve the same workability as a normal 

PC concrete. This is due in part to the high absorption capacity and also because of 

the coarseness of the RCA. They estimate that concretes made with RCA will require 

on average 5% more water and if the percentage of fines increases as much as 15% 

more water may be needed. They also recommend that when RCA is used it must be 

in saturated surface dry (SSD) condition prior to hatching and that RCA stockpiles be 

constantly wetted with water. They mentioned that several state agencies have 

reported decreased workability in concretes made with RCA but this was attributed to 

the lack of preparation and increased fines content. Most state agencies that use RCA 

have limited the amount of fines to 20% due to concerns with workability. 

Mirjana Malesev eta! (20 1 0) investigated the fresh concrete properties of 

concrete made with RCA. The RCA replacement was investigated at 50 and 100% of 

the total coarse aggregate content. Natural sand was used for the fine aggregate on 

both these mixtures and for the 50% RCA mixture, the remaining 50% of coarse 

aggregate was a natural aggregate. A control mixture was also made with the same 

natural sand as the RCA mixtures and the same natural coarse aggregate as the 50% 
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RCA mixture. A Type-II PC was used for all mixtures and the w/c was started at 

0.514 and varied depending on mixture. 

It is unclear which design method was used when designing these mixtures. It 

is assumed these mixtures were designed based on SSD and the additional water is 

due to the moisture contents and absorption capacity of the RCA. Therefore it is 

assumed this extra water reported is actually required to achieve the same w/c when 

comparing the control mixture with the RCA mixtures. The average absorption 

capacity of the RCA aggregate was 4.0% and the percentage offines was less than 

1.0%. To study the effects on workability two methods were employed, the first was 

to test the concrete mixtures immediately after hatching and the second involved 

testing slump after 30 minutes of mixing. This second method was employed because 

of a belief that the workability of the concrete should be tested at a time similar to 

what would be seen in the field. Table 2.1 0 summarizes the results of these three 

mixtures. 

Table 2.10 Slump Test Results of RCA Concrete Mixtures (Maldev, 2010) 

W/C Immediate Slump, 30 min Slump, 
Concrete Mixture ID 

(ratio) (em) (em) 

Control (Natural Agg.) 0.5 14 16 10 

50% RAC 0.568 14.5 8.5 

100% RAC 0.620 11 9 
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The results indicated that immediately after hatching the RAC mixtures 

showed decreased slump values, and these values decreased as RAC content 

increased. However, after 30 minutes of mixing the slumps for both RAC mixtures 

decreased but not as substantially as the control mixture. After 30 minutes of mixing 

the slumps of all three mixtures were quite similar. This indicates that mixing time is 

important and may need to be considered when using RCA in concrete. The cause of 

this was attributed to the additional mixing time and also to the additional water 

required by the RAC mixtures. However, as previously stated it is unclear whether or 

not this "extra" water was indeed extra or simply that which would be required based 

on conditions of the aggregate, (i .e. absorption capacity and moisture content). 

2.4.3.2 Air Content 

According to the U.S. Department of Transportation, Federal Highway 

Administration (2004), the use of air entraining admixtures in concrete made with 

RCA should follow the same guidelines as any other natural aggregate and testing 

should be conducted to determine the proper dosage. They also indicated that if the 

source concrete from which the RCA came from performed poorly in regards to 

durability (i.e. freeze-thaw resistance) then the RCA should not be used in new 

concrete that will be susceptible to freezing and thawing cycles. The source of RCA 

is sometimes difficult to determine and selecting an RCA from a known source may 

not be an option. They also indicated that AEA dosage in general may be slightly 

lower due to increased fines and the angularity of the RCA aggregate. 

According to ACI 555R (2001) the air contents of concretes made with RCA 

will vary more than similar mixtures made with natural aggregates, but the general 

trend was that air contents would be slightly higher. Studies performed by Karthik 

Obla et al (2007) support these findings. They investigated the effects of crushed 
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concrete aggregate (CCA) on fresh and hardened concrete properties. They studied 

various concrete mixtures with different replacement levels of CCA ranging from 1 0 

to 1 00% and found that the air contents of concretes made with CCA tended to be 

only slightly higher than the control mixture made with natural aggregate. This trend 

became more noticeable as the amount of CCA fines increased. The air contents 

measured were entrapped air only because AEA was not used for these mixtures. 

2.4.4 The Effects of RCA on Hardened Concrete Properties 

2.4.4.1 Strength 

According to ACI 555R (200 1 ), the strengths of concretes made with RCA will 

depend greatly on the source concrete. If concrete is made from varying sources of 

RCA then the strength trends will also vary. Based on previous studies of concrete 

containing RCA, if a single source for the RCA is used the variation in strength can 

be minimized. Table 2.11 summarizes results of compressive strengths for concretes 

with known sources and strengths with concretes made with RCA from the same 

sources. Although the w/c varied considerably in the source concretes, the new RCA 

concrete w/c was held constant. 

When observing the Table 2.6, there doesn't appear to be a good correlation 

between source concrete strength and RCA concrete strength. There also is not a good 

correlation between source concrete w/c and the RCA concrete strength as well. The 

highest source w/c values do appear at the lower end of the strength spectrum, but this 

was not always the case. When comparing source strength to RCA strength, there is 

not much of a correlation at all. The highest strength RCA mixtures did come from 

the higher strength source concretes but this was not always the case as two of the 

highest strength source mixtures with accompanied low w/c values were also some of 
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the lowest RCA strength contributors. The only information provided for these 

mixtures was the w/c but cementitious content as well as other factors may have 

played a role in the scattering of data. 

Table 2.11 Compressive Strengths of Source Concretes and Concretes Made 

With RCA From Same Source, (ACI 555R, 2001). 

Source Source Concrete RCA RCA Concrete 

Concrete 15-year Compressive Concrete 28-Day Compressive 

w/c Strength, (lb/in2
) w/c Strength, (lblin 2

) 

0.53 10,900 0.57 7120 

0.50 10,600 0.57 6870 

0.59 9050 0.57 6280 

0.65 8600 0.57 6250 

0.65 9850 0.57 6040 

0.67 7470 0.57 5840 

0.50 8980 0.57 5770 

0.80 5640 0.57 5510 

0.50 12,300 0.57 5340 

0.50 9290 0.57 5100 

0.81 6100 0.57 4640 

0.53 10,600 0.57 4380 

Gholamreza Fathifazl et al (2009) examined the effects of RCA on the 

hardened properties of concrete. For this particular study a new mixture design was 
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developed to incorporate the existing mortar content within the RCA. This new 

method accounts for this preexisting mortar in the design process and subtracts this 

amount from the new cementitious quantities. This new method of design is called the 

Equivalent Mortar Volume method (EMV). Several mixtures were developed from 

varying RCA sources and compared with a similar control mixture composed of 

normal virgin aggregates and PC. A total of six RCA mixtures were developed and 

tested. To illustrate the need for a new mixture design when RCA is used, two 

methods of design were used when designing each RCA mixture. The new proposed 

design method was used on mixtures and designated with an "E-" at the beginning. 

The conventional ACI method of design was also used for comparison and designated 

with a "C-" at the beginning. Depending on what type of supplementary cementitious 

material was incorporated in these new concretes, if any, was also determined and 

designated as "B-" for GGBFS, "F-" for fly ash and "C-" for no supplementary used 

at the end of the mixture ID. For example, the mixture designated as "ERAC-B" 

indicates this mixture was designed with the new method and the cementitious 

contained GGBFS. The mixture "CRAC-C" was designed by the traditional ACI 

method and the cementitious content of the concrete only contained cement. The 

results of compressive testing performed on the RCA mixtures as well as the control 

mixture designated as NAC-C are shown in Figure 2.3. It should be noted that these 

values were scaled off a bar chart as no table reporting the exact values was available. 

Therefore, minor discrepancies may exist. It was also assumed these specimens were 

tested at 28 days of age as this information was also not given. 

The results of the compressive tests show that this new method of design 

produces comparable strengths with the ACI method. It should be noted that on 

average the mixtures designed by this new method had 22% less new cement due to 

the existing mortar being accounted for in the mixture design. This could lead to 

substantial cost savings. What is also interesting is that GGBFS and Cement RAC 
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mixtures obtained greater strengths than the control mixture. The author attributes this 

greater strength to the stronger interfacial transition zone (ITZ) between the RCA and 

cementitious paste. It is believed this ITZ is stronger between RCA and paste as 

opposed to a natural aggregate and paste. 
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Figure 2.3 Compressive Strengths of RCA Concrete Mixtures Designed with the 

EMV Method and ACI Method, assumed 28-Day age, Fathifazl et al (2009). 

Mirjana Malesev et al (20 1 0) investigated the hardened concrete properties of 

concrete made with RCA. The RCA replacement was investigated at 50 and 1 00% of 

the total coarse aggregate content. Natural sand was used for the fine aggregate on 
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both these mixtures and for the 50% RCA mixture, the remaining 50% of coarse 

aggregate was a natural aggregate. A control mixture was also made with the same 

natural sand as the RCA mixtures and the same natural coarse aggregate as the 50% 

RCA mixture. A Type-II PC was used for all mixtures and the w/c was started at 

0.514 and varied depending on mixture. The compressive strength was tested at 2, 7 

and 28 days of age. Figure 2.4 shows the average results of these tests. 

- l 
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Figure 2.4 Average Compressive Strength of RCA Concrete and Control 

Concrete, Mirjana Malesev et al (2010). 
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The results of this study show that early age strengths for both the 50 and 

1 00% RAC mixtures was slightly below that of the control mixtures made from 100% 

natural aggregates. After day 2 however the RAC mixtures gained strength more 

rapidly and overtook the control mixture for both the 7-day and 28-day strengths. 

This difference is small however and in comparison these mixtures were all quite 

comparable in strength. The w/c for the control mixture, 50-RAC and 100-RAC were 

0.514, 0.568 and 0.620 respectively. Although strengths are comparable between 

these three mixtures, it was noted that the modulus of elasticity was lower for both of 

the RAC mixtures. 

Karthik Obla eta! (2007) performed extensive testing to determine the effects 

of CCA on concrete strength. They were interested in whether or not source concrete 

strength had an impact on new CCA concrete strength. Multiple concrete mixtures 

with different replacement levels of CCA ranging from 1 0 to 1 00% were developed 

and tested. The types of CCA used also varied and were categorized based on original 

design strength of the source concrete. Four types of CCA were used; 1000, 3000, 

5000 psi (6.9, 20.7 and 34.5 MPa) and an "uncontrolled" combination. The 1000, 

3000 and 5000 psi (6.9, 20.7 and 34.5 MPa) CCA came from known sources and was 

in essence "controlled" with regards to aggregate properties. The uncontrolled CCA 

was labeled as "pile 1" because it came from the general recycled concrete pile at the 

batch plant and is a general mixture of various recycled concrete. 

Two different methods of incorporating the CCA into the mixture were used; 

one included the CCA in an "as received" state from the crusher and the other used 

pre-designated "Coarse" CCA aggregate. The "as received" CCA had a percentage of 

fine aggregate included within and therefore percentages of virgin fine aggregate 

were subtracted from the mixture design. If the "Coarse" method was used, only a 

percentage of the coarse aggregate was replaced and 100% virgin fine aggregates 
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were used. Table 2.12 summarizes the results from compressive strength tests 

performed at 7, 28 and 90-days of age. 

Table 2.12 Compressive Strengths of Concretes Made with Varying Amounts of 

CCA, Karthik Obla et al (2007). 

Source 
7-Day 28-Day 90-Day Concrete Mixture ID 

Strength 
w/c Strength Strength Strength 

(lbl in1
) 

(lblin1
) (lblin1

) (lhlin1
) 

I Control-! N/A 0.58 3080 4100 4740 

2 Control-2 N/A 0.58 2980 3930 5350 

3 10% T-CCA 1000 0.55 2910 3990 4670 

4 20% T-CCA-1 1000 0.59 2410 3630 3790 

5 20% T-CCA-2 3000 0.58 2800 3690 4450 

6 20% T-CCA-3 3000 0.58 2610 3760 4570 

7 20% T-CCA-4 3000 0.58 ---- 3900 4390 

8 30% T-CCA 3000 0.59 2800 3890 4720 

9 20% T-CCA-5 Pile 1 0.58 2590 3410 4530 

10 50% C-CCA 1000 0.55 2640 3470 4330 

II I 00% C-CCA-1 1000 0.52 2460 3180 3630 

12 I 00% C-CCA-2 3000 0.59 2730 3930 4270 

13 I 00% C-CCA-3 3000 0.59 ---- ---- 4220 

14 100% C-CCA-4 5000 0.57 2740 3790 4810 

15 1 00% C-CCA-5 Pile 1 0.68 2140 2690 3190 

16 I 00% C-CCA-6 Pile I 0.69 ---- 2840 3360 
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At 7 days of age all CCA concretes exhibited slightly reduced strengths when 

compared with the two control mixtures. When comparing the "coarse" mixtures (1 0-

16) to the "as received" mixtures (3-9), the coarse mixtures tended to have slightly 

lower strengths on average. When comparing source concrete strengths for the 

"coarse" group there is a slight correlation between strength of new concrete versus 

source concrete strength. However, this cannot be said for the "as received" group of 

mixtures as the highest strength came from mixture 3. This may be due to the 

decreased percentage of CCA as well. This same trend can be noticed in mixtures 10 

and 11 which suggests a decrease in strength with increasing CCA content. 

At 28 days of age most CCA concretes exhibited reduced strengths when 

compared with the two control mixtures. Mixtures 3, 7 and 12 were comparable with 

the controls having equal or slightly greater strengths. When comparing the "coarse" 

mixtures (I 0-16) to the "as received" mixtures (3-9), there is not a strong correlation 

between strengths. At 28 days of age most CCA concretes exhibited only slightly 

lower strengths than the control mixtures. When comparing source concrete strengths 

for the "coarse" group there is a more noticeable correlation between strength of new 

concrete versus source concrete strength when comparing mixture 11 to mixtures 12 

and 13. Yet this correlation diminishes when comparing 14 made with the 5000 psi 

(34.5 MPa) source concrete to mixture 13. There is a correlation between percentage 

of replacement and strength when comparing mixtures 3 to 4 and mixtures 10 to 11. 

At 90 days of age most CCA concretes exhibited reduced strengths when 

compared with the two control mixtures. Mixtures 3, 7 and 12 were comparable with 

the controls having equal or slightly greater strengths. When comparing the "coarse" 

mixtures (1 0-16) to the "as received" mixtures (3-9), the coarse mixtures tended to 

have slightly lower strengths on average. When comparing source concrete strengths 

for the "coarse" group there is a stronger correlation between strength of new 

concrete versus source concrete strength. Strengths increased for all mixtures as 
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source concrete strength increased. There is a correlation between percentage of 

replacement and strength when comparing mixture 3 to 4 and mixture 10 to 11. 

However the opposite occurred for mixtures 7 and 8 as strength increased with 

increasing CCA content. 

The data from this research appears to be somewhat scattered. There are some 

correlations between source concrete strength and CCA strength but this was not 

always the case. There does also appear to be a correlation between percentage of 

replacement and strength as most results do show a decrease in strength as CCA 

content increases. Another notable observation is the substantial decrease in strengths 

for almost all the CCA concrete mixtures made from the "uncontrolled" pile 1 

aggregate (mixtures 9, 15 and 16). However, mixtures 15 and 16 also had the highest 

w/c values and this would have definitely played a major role in the decreased 

strengths. 

Mark Reiner (2007) investigated the effects of recycled materials on concretes 

strength. The mixtures incorporated 50% and 100% RCA as coarse aggregate and had 

varying amounts of fly ash as well. Two mixtures were hatched with 50% RCA 

replacement and 30% fly ash replacement. One mixture utilized a class F fly ash and 

the other a class C. Four mixtures were hatched using 100% RCA replacement. Two 

mixtures used class F fly ash at 30 and 40% replacement, and the other two mixtures 

used class C fly ash at 30 and 40% replacement. All of these mixtures were compared 

with control mixtures that had the same amount of cementitious materials and natural 

virgin aggregates. The results of the 50% RCA mixtures showed that the strengths 

were all slightly lower for all age groups up to 56-days when compared with the 

control mixture. However, the strength trend showed more differences at early age as 

opposed to later age strength. 
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The 1 00% RCA mixtures were based on a CDOT Class-B concrete mixture. 

These mixtures were tested up to 90-days of age as opposed to the 50% RCA 

mixtures which were only tested to 56-days. The compressive test results showed that 

strengths of all mixtures made with RCA were lower than the control mixture. 

However, three out of the four mixtures did meet the CDOT Class-B required 

strength of 3000 psi (21.4 MPa) at 28-days. Although tables were not provided 

indicating results for the 100% RCA mixtures (only graphs), an easy comparison of 

the 50% RCA and 100% RCA graphs shows that as RCA content increases, strengths 

decrease. 

2.4.4.2 Permeability 

According to information provided in ACI 555R (200 1 ), the permeability of concretes 

incorporating RCA with w/c values in the range of 0.5 to 0.7 will be on the order of 

two to five times higher than normal concretes. This may be offset by lowering the 

w/c value by 0.05 to 0.1 0. Results reported by Mirjana Malesev et al (20 1 0) support 

this claim. They found that as RCA content increased the water absorption increased 

when hardened specimens were tested at 28-days of age. The w/c for these mixtures 

was within the range of0.5 to 0.7 as well. The ASTM procedure, if followed , was not 

reported in this study. 

Results of rapid chloride ion penetrability studies performed by Karthik Obla 

et al (2007) showed a general trend of increasing permeability with increasing CCA 

content. They investigated the effects of crushed concrete aggregate (CCA) on 

hardened concrete properties. Multiple concrete mixtures with different replacement 

levels of CCA ranging from 10 to 1 00% were developed and tested. The types of 

CCA used also varied and were categorized based on original design strength of the 

source concrete. Four types of CCA were used; 1000, 3000, 5000 psi (6.9, 20.7 and 
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34.5 MPa) and an "uncontrolled" combination. The 1000, 3000 and 5000 psi (6.9, 

20.7 and 34.5 MPa) CCA came from known sources and was in essence "controlled" 

with regards to aggregate properties. The uncontrolled CCA was labeled as "pile 1" 

because it came from the general recycled concrete pile at the batch plant and is a 

general mixture of various recycled concrete. Two different methods of incorporating 

the CCA into the mixture were used; one included the CCA in an "as received" state 

from the crusher and the other used pre-designated "Coarse" CCA aggregate. The "as 

received" CCA had a percentage of fine aggregate included within and therefore 

percentages of virgin fine aggregate were subtracted from the mixture design. If the 

"Coarse" method was used, only a percentage of the coarse aggregate was replaced. 

Table 2.1 3 summarizes the results from the RCP testing which was performed at 90-

days of age. 

Specimens were prepared and tested for rapid chloride ion penetrability 

according to ASTM C 1202. These results show that as CCA content increases, so 

does the permeability. The lowest results did come from the 10 and 20% total 

replacement mixtures 3 and 4 which were made from I 000 psi (6.9 MPa) source 

CCA. What is interesting is that as the source concrete strength increased, the 

permeability increased as can be seen in mixtures 5, 6 and 7 when compared with 

mixture 4. When comparing the 20 and 30% total replacements with 3000 psi (20. 7 

MPa) source concrete there is a significant increase in permeability with a 10% 

increase in CCA content. Although mixture 9 was made with the general Pile-1 CCA, 

this concrete exhibited lower pem1eability than both control mixtures at 20% 

replacement. These trends of increasing permeability with increasing source strength 

and CCA content was not repeated for mixtures designed with only coarse aggregate 

replacements. When comparing mixtures 10 and 11 the permeability decreased as 

CCA content increased. All mixtures designed with only coarse aggregate 

replacements showed significantly higher permeability' s than those designed with 
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total replacements. This would suggest a general trend of increasing permeability 

with increasing RCA content. What can also be seen from these results is that it is 

difficult to produce a dense concrete when w/c values as high as these are used: 

Table 2.13 RCPT Test Results of Concretes Made with Varying Amounts of 

CCA, Karthik Obla et al (2007). 

Source Concrete RCPT Test 
Permeability 

Mixture ID Strength w/c Results 
(lbl in2

) (Coulombs) 
Class 

I Control-! N/A 0.58 3618 Moderate 

2 Control-2 N/A 0.58 3424 Moderate 

3 10% T-CCA 1000 0.55 2970 Moderate 

4 20% T-CCA 1000 0.59 2984 Moderate 

5 20% T-CCA 3000 0.58 3936 Moderate 

6 20% T-CCA 3000 0.58 33 16 Moderate 

7 20% T-CCA 3000 0.58 3683 Moderate 

8 30% T-CCA 3000 0.59 4276 High 

9 20% T-CCA Pile I 0.5 8 3232 Moderate 

10 50% C-CCA 1000 0.55 5402 High 

II 100% C-CCA 1000 0.52 5 187 High 

12 100% C-CCA 3000 0.59 6248 High 

13 100% C-CCA 3000 0.59 5036 High 

14 100% C-CCA 5000 0.57 4729 High 

15 100% C-CCA Pile I 0.68 6201 High 

16 100% C-CCA Pile 1 0.69 6033 High 

Gholamreza Fathifazl et al (2009) examined the effects ofRCA on the 

hardened properties of concrete. As previously stated, for this particular study a new 

mixture design was developed to incorporate the existing mortar content within the 
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RCA. This new method accounts for this preexisting mortar in the design process and 

subtracts this amount from the new cementitious quantities. This new method of 

design is called the Equivalent Mortar Volume method (EMV). Several mixtures 

were developed from two RCA sources and compared with a similar control mixture 

composed of normal virgin aggregates and PC. To compare the significance of this 

new design method two separate batches were designed and mixed, one using the 

EMV method and the second using the traditional ACI method. Chloride penetration 

tests were performed on each mixture using the acid bulk diffusion test according to 

ASTM C 1556. They determined that the chloride diffusion coefficients for the RCA 

mixtures, regardless of design method were higher than that of the control specimens 

made from natural aggregates. When comparing the two different design methods, the 

EMV designed specimens had higher coefficients (on the order of8 %) than the ACI 

designed specimens. 

Mark Reiner (2007) investigated the effects of recycled materials on concretes 

permeability. Four mixtures incorporating 100% RCA as coarse aggregate and 

varying amounts of fly ash were tested. Two mixtures used class F fly ash at 30 and 

40% replacement, and the other two mixtures used class C fly ash at 30 and 40% 

replacement. All of these mixtures were compared with control mixtures that had the 

same amount of cementitious materials and natural virgin aggregates. Testing was 

conducted at 14, 28 and 90 days of age. The results showed that at 14 days, all four 

mixtures with RCA had significantly higher results (charge passed). However, the 

results at 28 days of age showed different results. The two mixtures made with class

F fly ash had surpassed the control mixture and achieved lower ratings at 28-days. 

The two mixtures with class-C fly ash still achieved higher results. At 90 days of age, 

all but one RCA mixture achieved better results than the control mixture. The two 

mixtures with class-F fly ash actually achieved 31 to 36% improvements when 

compared with the control at 90-days. 
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2.4.4.3 Freeze-Thaw Durability 

According to ACI 555R (2001), most studies performed on the freeze-thaw resistance 

of concretes made with RCA show little if any difference when compared to normal 

concretes made with natural aggregates. They did mention several Japanese studies 

which indicated a decrease in freeze-thaw resistance for concretes made with RCA 

but also noted that the studies performed in Japan used much lower quality of source 

concrete as compared to studies from other sources. 

Karthik Obla eta! (2007) perfom1ed freeze-thaw durability tests on concretes 

containing various replacement amounts of aggregate with crushed concrete 

aggregate (CCA). Three concrete mixtures with different replacement levels of CCA 

were developed and tested as well as a control mixture composed of natural 

aggregates. Two mixtures contained 20% CCA and one mixture contained 100% 

CCA for coarse aggregate. The types of CCA used also varied and were categorized 

based on original design strength of the source concrete. Two types of CCA were 

used; 1000 and 3000 psi (6.9 and 20.7 MPa). The 1000 and 3000 psi (6.9 and 20.7 

MPa) CCA came from known sources and was in essence "controlled" with regards 

to aggregate properties. Two different methods of incorporating the CCA into the 

mixture were used; The first two mixtures included the CCA in an "as received" state 

from the crusher and the third used pre-designated "Coarse" CCA aggregate. The "as 

received" CCA had a percentage of fine aggregate included within and therefore 

percentages of virgin fine aggregate were subtracted from the mixture design. Ifthe 

"Coarse" method was used, as was done for the third mixture, only a percentage of 

the coarse aggregate was replaced. Two beam specimens were developed for each 

mixture and tested at 56-days of age according to ASTM C 666 procedures. Table 

2.14 summarizes the results from the freeze-thaw durability tests. 
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Mixture #4 had the highest air content for all mixtures but the air contents for 

the other three mixtures were well within reasonable limits to resist the freezing and 

thawing cycles. Both specimens from mixtures #2 and #3 that were mixed with the 

CCA in "as received" condition failed during testing. Both specimens from mixture 

#2 fai led (i .e. the dynamic modulus fe ll below 60%) before completion of the test at 

I 07 and 190 cycles respectively. It was also noted that visible cracks could be seen in 

these specimens. Both specimens from Mixture #3 performed better than Mixture #2 

specimens but also failed before completion of the test at 243 and 300 cycles 

respectively. No visible deterioration was noted in these specimens however. Both 

specimens from Mixture #4 performed well. These mixtures had I 00% CCA as 

coarse aggregate and the fai lure of the previous two mixtures was associated with the 

CCA fines content that was not present in Mixture #4. 

Table 2.14 Average Results of Rapid Freeze-Thaw Testing on Concretes Made 

with CCA, Karthik Obla et al (2007). 

Source Concrete Air Durability 
Mass 

Mixture ID Strength w/c Content Loss 
(lblin2

) (%) 
Factor (%) 

I Control N/A 0.45 6.4 92 0.52 

2 20% T-CCA 1000 0.45 4.8 13 0.18 

3 20% T-CCA 3000 0.45 5.6 9 0.73 

4 100% C-CCA 3000 0.45 8.5 89 1.23 

Gholamreza Fathifazl et al (2009) performed freeze-thaw durability tests on 

concretes with 100% RCA as coarse aggregate. As previously stated, for this 

particular study a new mixture design was developed to incorporate the existing 
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mortar content within the RCA. This new method accounts for this preexisting mortar 

in the design process and subtracts this amount from the new cementitious quantities. 

This new method of design is called the Equivalent Mortar Volume method (EMV). 

Two mixtures were developed from one RCA source and compared with a similar 

control mixture composed of normal virgin aggregates and PC. To compare the 

significance of this new design method two separate batches were designed for the 

RCA mixtures, one using the EMV method and the second using the traditional ACl 

method. Freeze thaw durability testing was performed on each mixture using 

procedure A of ASTM C 666. It is assumed these specimens were tested at 28-days of 

age as this information was not provided. The durability factors (OF) for all mixtures, 

including the control were above 90%. The specimens designed by the new EMV 

method performed slightly better (3.3% higher OF) than the specimens designed by 

the traditional ACI method. They attributed this difference to the lower total mortar 

content of the EMV designed specimens. 

Reiner (2007) investigated the effects of RCA content on the freeze-thaw 

durability of concretes. Four mixtures incorporated 100% RCA as coarse aggregate 

and had varying amounts of fly were tested. Two mixtures used class F fly ash at 30 

and 40% replacement, and the other two mixtures used class C fly ash at 30 and 40% 

replacement. All of these mixtures were compared with control mixtures that had the 

same amount of cementitious materials and natural virgin aggregates. The mixtures 

were tested according to ASTM C 666 procedures. Although not reported, it is 

assumed these mixtures were tested at 28 days of age due to the inclusion of high 

amounts of fly ash. After 300 cycles of testing the RCA mixtures perfom1ed well. All 

four mixtures performed better than the control mixture and had durability factors 

above 85 . 
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2.4.4.4 Alkali-Silica Reactivity (ASR) 

The potential for ASR when using RCA as aggregate should raise the same, if not 

more concern to the designer when compared to natural aggregates. The potential for 

ASR in RCA depends greatly on the source aggregate and this information is not 

always known. If the source concrete information is available then a simple review of 

the aggregate used will probably determine whether or not ASR could be a problem 

in the new concrete. If the source concrete information is not available then caution 

should be exercised and testing should be performed on the RCA to determine 

potential for ASR. The source concrete aggregate may have tested positive for ASR 

but low alkali cement or other techniques could have been used to reduce this 

potential. The effects of any mitigation techniques used in the source concrete are no 

longer applicable once the concrete is crushed and used as RCA. 

2.4.5 Summary 

This literature review showed that there can be neutral or negative effects from using 

RCA as aggregate in a concrete. Neutral (or non-detrimental) effects are actually a 

good quality when it comes to aggregates. Aggregates are by and large a filler 

material in a concrete and do not contribute to strength until high strengths are 

required. Therefore, it would actually be uncommon or untypical to find allot of 

supporting information that would suggest RCA increases a concretes strength. Most 

information found in regards to RCA has shown neutral effects but in some cases the 

effects were detrimental or slightly beneficial. 

It appeared that when researchers took care in choosing a reputable source 

concrete for use as RCA, and performed testing as if the RCA were any other natural 

aggregate, the results were positive and less scattered. The most critical aspect of 
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using RCA in a concrete is treating the RCA as an "unknown" aggregate source. 

RCA fines also appear to be attributed to negative results in concrete. All properties 

of concrete decreased as fines content increased from slump to compressive strength 

and durability. The compressive strength in general may decrease or remain the same 

but at best, will only increase slightly when compared with natural aggregate 

concrete. This is reasonable because once a concrete is crushed and recycled one 

cannot expect to achieve beneficial effects because the old concrete was a high 

strength concrete. There also tends to be more scattering of results if concretes are 

made from a general stock pile of recycled concrete as opposed to a known source 

concrete. 

Although there wasn't a strong correlation between source concrete strength 

and new RCA concrete strength, there was minor evidence that suggested higher 

strength source concretes would produce higher strength RCA mixtures, when 

compared with other RCA mixtures made from lesser strength source concretes. This 

was probably due to the mortar still attached to the aggregates and one can expect that 

the higher strength concretes had a better bond between aggregate and paste and 

would therefore provide a stronger ITZ between the old mortar and new. However, 

the bond between the aggregate and old paste would still be the bond in question, not 

the new bond between old and new paste. At best, the bond between old and new 

paste can only be as strong as the bond between old paste and aggregate, since this 

will remain the weakest link. The freeze-thaw resistance of concretes made with RCA 

will most probably decrease. This decrease in freeze-thaw resistance does not appear 

to be correlated with amount of RCA content however but more on the fines content. 

The permeability of concretes made with RCA are expected to increase with 

increasing RCA content, regardless of fines. Other durability factors such as ASR 

may increase or decrease and this depends greatly on the source concrete and 

aggregate. 
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2.5 Expectations 

This research involves testing concretes made with varying amounts of combined 

recycled materials. These replacements will be done together on all three ingredients 

equally. The combined effects that GGBFS, RCA and waste glass will have on 

concrete is unknown and can only be speculated based on the observed and reported 

effects that each alone have had on concrete. Since aggregate volume is much higher 

than paste volume it would be assumed that the aggregate qualities would have the 

most pronounced effect. However, the cementitious paste is the heart of the mixture 

and the GGBFS effects may govern. An attempt at theorizing the combined effects is 

warranted and these effects will be limited to those that are being tested for this 

research program. 

The workability of a concrete was shown to increase with increasing GGBFS 

and decrease with increasing RCA and waste glass. Therefore, it can be assumed that 

since two of these materials decrease workability and only GGBFS increases 

workability that the total workability will decrease as recycled materials content 

increases. The AEA dosage of GGBFS mixtures tended to increase with increasing 

content. The AEA requirements of RCA also tended to increase but not as 

significantly and this was related to fines content. The air contents of waste glass 

mixtures did not appear to be effected. Therefore, it can be assumed that the 

combined effect will be a decrease in air contents for increasing recycled materials 

when AEA dosage is held constant. 

The strength of concretes made with GGBFS tend to increase up to a certain 

percentage replacement and then decrease thereafter. The use of RCA tends to 

decrease a concrete mixtures strength with increasing content. The use of waste glass 

also tended to decrease a concretes strength with increasing content. Therefore, with 

two ingredients that decrease strength and one ingredient that increases to a certain 
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degree, it can be assumed that as recycled materials increase a trend of decreasing 

strength will be seen. Strength gains will probably be slower for increasing recycled 

contents due to the GGBFS. 

The pem1eability of concretes made with GGBFS significantly decreased with 

increasing GGBFS content. The permeability of concretes made with RCA as coarse 

aggregate tended to increase with increasing content. The use of waste glass was 

shown to increase the permeability with increasing content. Whether or not the 

GGBFS can offset the increased permeability caused by the recycled aggregates will 

be interesting. However, with two ingredients that increase and only one that 

decreases permeability it will be assumed that permeability will increase for 

increasing recycled content. This seems reasonable since paste volume is significantly 

less than aggregate volume. One would think that the effects that the recycled 

aggregate have on the permeability will govern. However, the cementitious paste is 

the area where water penetrates and the GGBFS content may prove to govern this 

area. The freeze thaw durability of concretes made with GGBFS may decrease as 

replacement levels increase. The freeze thaw durability of concrete was also shown to 

decrease as RCA content increased as well as glass content when used as coarse and 

fine aggregates respectively. Therefore, it is assumed that as recycled materials 

content increases the freeze-thaw durability will decrease. 

The alkali-silica reactivity of concretes made with glass aggregate has been 

shown to increase as content increases. The size of the glass particles will also play a 

major role. Since the glass aggregate used for this research is a mixed colored glass 

and is a 3/8 inch minus aggregate, the potential for ASR is real. The ASR potential of 

the RCA is unknown. The use of GGBFS has shown to decrease the ASR expansions 

in concretes made with reactive aggregates and may help this from occurring. It is 

expected that concrete mixtures with GGBFS will not be affected by ASR, but the 

concrete mixture with only recycled aggregates and PC will undergo ASR expansion. 
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3. Problem Statement 

3.1 Statement 

Today's society is changing. Gone are the days of excess and care-free living. Talk of 

the environment is on everyone's agenda, and global warming is something even 

children know about. Recycling has become a common practice not only in 

households across America, but in today's industry as well. Most products made 

today consist of at least some form of recycled material , whether it ' s the packaging it 

comes in or the product ingredients themselves. Energy consumption is another area 

of concern due to the increased awareness of global warming and the planets limited 

supply of natural fuel resources. It is for these reasons that the potential benefits of 

using recycled materials in concrete was chosen for the topic of this research. 

Concrete is the most widely used construction material in the world. In 

residential construction the foundations on which houses, apartment buildings, town 

houses, etc. rest upon will most undoubtedly be made of concrete. This foundation 

may be entirely formed and placed or it may be a composite structure composed of 

cider blocks and placed concrete. Sky scrapers and other larger commercial or 

residential buildings also have foundations of concrete, but unlike smaller residential 

structures these larger building may be made primarily of concrete. Concrete has been 

used to build many of the roadways and bridges throughout the world, not to mention 

many other civil structures such as dams and waterways. The importance of concrete 

in today ' s growing infrastructure is obvious. The use of concrete will only increase in 

the future, and the materials and energy needed to fulfill this demand are becoming 

more difficult to obtain. 

The primary materials needed to produce concrete today consist of portland 

cement, aggregates and water. Cement is the most costly component of concrete. 

Unlike aggregates, cement cannot simply be mined from the earth. Cement 
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production is not only expensive but also produces large amounts of pollution. It is 

estimated that for every ton (metric ton) of cement produced an equal amount of 

carbon dioxide is emitted to the atmosphere (World Buisness Council for Sustainable 

Development, 2002). The aggregates used in concrete must be quarried from the earth 

and processed before being suitable for use. Aggregate quarries are not only 

destructive from a natural beauty standpoint, but also require substantial amounts of 

energy. An aggregate must also have suitable inert qualities before being used in 

concrete. Not every rock and gravel source is acceptable. These quality aggregate 

sources have diminished over the years and finding acceptable aggregates is 

becoming difficult. Concrete used for a particular job is not a material that can be 

shipped from great distances and concrete batch plants typically need to be located 

somewhere nearby. Economically, the aggregate sources must also be located close to 

the batch plant as well. Therefore, quality and proximity are key components to a 

concrete batch plant. The focus of this research is to determine the potential benefits 

of replacing portland cement and the aggregates of a concrete with recycled materials. 

The purpose of this thesis is to design and batch concrete mixtures with 

varying percentages of recycled materials. To fully understand the effects that 

recycled materials have on the fresh and hardened concrete properties the percentages 

ranged from a 25% replacement to a complete 1 00% recycled material concrete. The 

compressive strength of a concrete is its most important property. Concrete used 

today must be able to carry the loads it is subjected to and must be durable enough to 

withstand harsh environments. The ultimate strength, permeability and freeze-thaw 

durability was examined for all mixtures as well as the fresh properties. Alkali-silica 

reactivity was also investigated for this research. The primary benefit of this research 

is to examine the positive and negative effects of using recycled materials in a 

concrete mixture, and determine at what point these materials no longer become 

beneficial. 
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4. Experimental Plan 

4.1 Design Summary 

The purpose of this research program was to investigate the potential benefits of 

using recycled materials in concrete mixtures. The three main ingredients that were 

subject to replacement with recycled materials included cement, fine and coarse 

aggregates. This research began by first obtaining the recycled materials and then 

performing tests to determine their physical properties. Recycled concrete was 

obtained to be used as a coarse aggregate replacement. Waste glass was obtained to 

be used as a fine aggregate replacement and ground granulated blast furnace slag 

(GGBFS) as a cement replacement. 

In order to investigate the effects these recycled materials would have on the 

fresh and hardened properties of the concrete, six mixtures were designed and 

hatched. These mixtures were designed based on a Class D, Colorado Department of 

Transportation (CDOT) concrete mixture. A Class D COOT concrete is designated as 

a medium strength structural concrete that can be used in multiple applications 

including bridge decks. Certain requirements for a Class-D COOT concrete are 

shown in Table 4.1. It should be noted that these mixtures were only "loosely" based 

on a Class-D mixture because the use ofGGBFS and replacement amounts used for 

this research are prohibited. Recycled concrete and waste glass are also prohibited. 

However, the cementitious content, percentages of coarse and fine aggregates, w/c 

and air content guidelines were all followed for these mixtures. 

The total cementitious contents and w/c were held constant for all mixtures. 

All mixtures had similar ratios of coarse and fine aggregates as wel l. The research 

began by first hatching a mixture with 100% replacement of aggregates and cement 

with recycled aggregates and GGBFS. A second mixture was batched at the same 

time which had 1 00% of the aggregates replaced with recycled aggregates, but had 
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100% PC. These two mixtures were batched first to investigate any potential adverse 

effects between the materials and any effects on fresh properties that may develop 

from batching. The next stage of research involved designing and batching 

intermediate replacement mixtures ranging from 25 to 75% replacements. A control 

mixture composed of normal aggregates and 100% PC was also batched to be used 

for comparison. 

Table 4.1 Colorado Department of Transportation (COOT) Class-D concrete 

specifications and field requirements 

28-Day Total Maximum Minimum 
Air Content 

Compressive Cementitious Water to Amount of 

Strength Range 
Range 

Cementitious Coarse Agg. 

(lb/ in2
) (lblycf) (percent) (ratio) (percent) 

4500 615 - 660 5 - 8 0.44 55 

4.2 Material Properties 

4.2.1 Ground Granulated Blast Furnace Slag (GGBFS) 

The GGBFS was obtained from Lehigh, Heidelberg Cement Group located in 

Concord, California. Because this research involved developing a concrete mixture 

that had a 100% replacement of cement with GGBFS, a Grade 120 slag was chosen 

because of its higher reactivity compared to Grade 100. The GGBFS was tested in 

accordance with ASTM C 989 and the results of this testing are shown in Table 4.2. 
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Table 4.2 Lehigh Grade 120 GGBFS Physical and Chemical Properties 

ALLCEM GGBFS Grade 120 

Chemical and Physical Properties Test Results 
ASTM C 989 
Specifications 

Sulfur Trioxide (S03) 
(%) 2. 192 4.0 Max 

Su lfur Sulfide (S) (%) 0.560 2.5 Max 

Blaine Fineness cnl!g 5240 -----

Percent Retai ned on 325 Mesh (%) 0.2 20 Max 

Air Content of Slag Mortar (%) 6.3 12 Max 

Specific Gravity 2.93 -----

Slag Activity Index 

7-Day Indi vidual (%) 134 90 Min 

28-Day Individual (%) 138 110 Min 

Compressive Strength 

7-Day Reference Cement (lb/in2
) 4890 -----

28-Day Reference Cement (lb/ in2
) 6260 5000 Min 

7-Day Slag+ Ref. Cement (lb/ in2
) 6560 -----

28-Day Slag+ Ref. Cement (lb/ in2
) 8660 -----

4.2.2 Portland Cement 

The cement used for this research was a Type-I-II portland cement. The cement was 

supplied by Holcim Cement Company, located in Florence, Colorado. The cement 

was tested in accordance to ASTM C 150 and the results are shown in Table 4.3. 
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Table 4.3 Holcim Type-I-II Cement, Physical and Chemical Properties 

Holcim Type-I-II Portland Cement 

Chemical and Physical Properties Test Results 
ASTM C 150 
Specifications 

Si02 
(%) 19.6 ----

AI20 3 (%) 4.7 6.0 max 

Fe20 3 (%) 3.2 6.0 max 

CaO (%) 63.4 ----

MgO (%) 1.5 6.0 max 

so3 
(%) 3.4 3.0 max 

C02 
(%) 1.4 ----

Limestone (%) 3.7 5.0 max 

CaC03 in Limestone (%) 84.0 70 min 

c 3s (%) 59.0 ----

c 2s 
(%) 11.0 ----

C3A 
(%) 7.0 8 max 

C4AF 
(%) 10.0 ----

c 3s + 4.75 C3A (%) 92.0 100 max 

Loss of Ignition (%) 2.6 3.0 max 

Blaine Fineness cm2/g 414 2600-4300 

Air Content of PC Mortar (%) 6.3 12 max 

Specific Gravity 3.15 ----
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4.2.3 (Virgin) Coarse and Fine Aggregates 

Both the coarse and fine aggregates were obtained by University of Colorado Denver. 

Both these aggregates came from Bestway Concrete and sources located in the 

Colorado area. The material properties and gradations of these aggregates were 

performed by WestTest Laboratories located in Denver, Colorado. The coarse 

aggregate was tested in accordance to ASTM C 33 No. 57 and 67 Coarse Aggregate 

and meets these requirements. The sand was tested in accordance to ASTM C33 Fine 

Aggregate, and meets these requirements. These aggregates will be referred to as 

"UCD sand" and "UCD rock" for the remainder of this thesis. The material properties 

data and complete gradations for both aggregates are included in Appendix B. 

4.2.4 (Recycled) Coarse and Fine Aggregates 

The recycled concrete and waste glass used for replacement of aggregates was fully 

tested prior to use in a concrete mixture. All aggregate samples used for testing 

confom1ed to ASTM C 702 requirements. Table 4.4 summarizes the tests performed. 

Table 4.4 Testing of Recycled Materials 

Aggregate Test Type Performed ASTM Method 

Specific Gravity & Absorption Capacity ASTM C 127 
Recycled Concrete 

Sieve Analysis (Gradation) ASTM C 136 
(Coarse Aggregate) 

Unit Weight & Moisture Contents ASTM C 29 

Waste Glass Specific Gravity & Absorption Capacity ASTM C 128 

(Fine Aggregate) Sieve Analysis (Gradation) ASTM C 136 
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4.2.4.1 Waste Glass as Fine Aggregate 

The waste glass was obtained from Rocky Mountain Bottling Co., owned by Coors. 

The waste glass was used as a replacement for the UCD sand. The waste glass was 

produced mainly from beer bottles and consisted of various colors (clear, amber and 

green). The process of recycling bottles involves multiple crushers which decrease the 

size of the glass particles more after each crusher. The glass moves along a conveyer 

belt from one crusher to the next while vacuums and magnets remove any labels or 

other foreign objects. After all crushing has taken place the glass drops into a hopper 

and is ready for the furnace where it will be melted down. It is from this hopper that 

the glass for this research was taken. The glass was used "as received" from the 

recycling plant and no washing took place. Only larger metallic objects (i.e. batteries) 

were hand removed from the waste glass prior to use in the concrete mixtures. 

Testing was performed on the waste glass to determine the physical and chemical 

properties. Table 4.5 shows the properties of the waste glass as well as the UCD sand 

fine aggregate for comparison. 

Table 4.5 Fine Aggregate Properties of Waste Glass and UCD Sand 

Aggregate Property Waste Glass UCD Sand 

Absorption Capacity, (%) 0.18 0.70 

Specific Gravity 2.47 2.63 

Fineness Modulus 4.08 2.74 

When comparing these two fine aggregates it can be seen there are similarities 

and differences in physical properties. The specific gravity (SG) of both aggregates 
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are similar. Although both aggregates have low absorption capacities, the waste glass 

is much lower. This can be expected because of the dense micro structure of the glass 

which doesn ' t have many open pores for water to be absorbed. 

Three separate gradations were performed on the waste glass. Before 

performing these gradations, the waste glass had to be sampled properly. ASTM C 

702, Standard Practice for Reducing Samples of Aggregate to Testing Size was 

followed for sampling. This process involved dumping all buckets of waste glass 

together and thoroughly mixing, the pile is repeatedly broken down into four separate 

piles. This process goes on until two suitable piles can be combined for a sieve 

analysis (i.e. the two combined piles must have a weight within the range for testing). 

The gradation curves for the waste glass and UCD sand are shown in Figure 4.1 for 

comparison. This waste glass plot is an average of three gradations performed. The 

gradations for all three specimens did not meet the requirements of ASTM C 136 due 

to excess materials retained on the 16, 30, and 50 sieves. These results were 

consistent with all three samples tested. Tables summarizing the results for all three 

samples tested are included in Appendix B. 

The fineness modulus (FM) for the waste glass is much higher than the UCD 

sand. For workability reasons, the FM for a fine aggregate should typically be 

between 2.3 and 3.1 when used in concrete. However, the FM should not be used to 

compare two aggregates from different sources as this parameter is a crude measure 

of grading and two aggregates with similar FM can have very different gradation 

curves, (Mindess, 2003). Typically the higher the FM value the coarser the fine 

aggregate particle size. Therefore, a lower FM is better as this indicates finer sand and 

more particles will be available to help improve workability in a concrete mixture. 

Based on the test results, the waste glass is a coarser aggregate than the UCD sand 

and may cause workability issues. 
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4.2.4.2 Recycled Concrete as Coarse Aggregate 

The recycled concrete was obtained from Oxford Recycling located in Denver, 

Colorado. The aggregate was taken from the large pile designated as 314 inch (19 mm) 

nominal. The recycled concrete was picked up twice due to re-batching requirements, 

once in the winter and once in the following fall. Both times the aggregate was 

randomly shoveled into buckets from several locations around this large pile. The 

actual history behind the aggregate taken for this research is unknown. The recycled 

concrete is made from demolished roads, buildings, and other various concrete 

structures that have been removed from service. Most of the recycled concrete comes 

from roads. Testing was performed on the recycled concrete to determine the physical 

and chemical properties. Table 4.6 shows the properties of the recycled concrete as 

well as the UCD rock coarse aggregate for comparison. The specific gravity and 

absorption capacity values are the average of two tests while the dry rodded unit 

weight value is the result of one test only. The nominal maximum aggregate size 

(NMAS) is the result from three consistent tests. 

Table 4.6 Coarse Aggregate Properties of RCA and UCD Rock 

Aggregate Property Recycled Concrete UCD Rock 

Absorption Capacity, (%) 4.58 0.80 

Specific Gravity 2.45 2.61 

Dry Rodded Unit Weight, (lb!ft3) 85.02 103 

NMAS, (inch) 3;4 3;4 
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When comparing these two coarse aggregates one can see there are significant 

differences between them. The recycled concrete has a lower SG which correlates 

with the lower unit weight as well. The recycled concrete contained various sizes of 

aggregate with mortar still attached as well as numerous small chunks of pure mortar. 

Although cement has a higher SG than aggregates used in concrete, the lower unit 

weight and SG may be a result of entrapped and entrained air within the mortar 

coatings and mortar chunks. The recycled concrete comes from Colorado sources 

where entrained air would typically be required. The absorption capacity of the 

recycled concrete is considerably higher than the UCD rock aggregate. This is also 

caused by the mortar chunks and mortar coated aggregate. Cement is porous and will 

absorb water. These results are not uncommon as most reports on recycled aggregate 

indicate these same properties. This increase in absorption capacity will put a heavy 

demand on a concrete mixture with regards to water. When combined with a low w/c 

and coarse fine aggregate the workability may cause issues. 

Three separate gradations were performed on the recycled concrete. Before 

performing these gradations, the recycled concrete had to be sampled properly. 

ASTM C 702, Standard Practice for Reducing Samples of Aggregate to Testing Size 

was followed for sampling. This process involved dumping all buckets of recycled 

concrete together and thoroughly mixing, the pile is repeatedly broken down into four 

separate piles. This process goes on until two suitable piles can be combined for a 

sieve analysis (i.e. the two combined piles must have a weight within the range for 

testing). The gradation curves for the recycled concrete and UCD rock are shown in 

Figure 4.2 for comparison. The recycled concrete plot is an average of three separate 

gradations. The gradations for all three specimens did not meet the requirements of 

ASTM C 136 due to excess materials retained on the number 4 (all three samples) 

and 8 (one sample only) sieves. Tables summarizing the results for all three samples 

tested are included in Appendix B. 
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4.2.5 Chemical Admixtures 

Chemical admixtures were used in all mixtures batched for this research to improve 

workability and to entrain air. Both the admixtures are also required to satisfy CDOT 

Class D mixture requirements. One air entraining admixture was used for all 

mixtures. Two different high range water reducing admixtures (HRWRA) were used. 

4.2.5.1 Air Entraining Admixture (AEA) 

Duravair AT -60 was used for all mixtures to achieve a target air content of 6.5% in 

the concrete. This air entraining agent is manufactured by W.R. Grace & Co, 

Connecticut. The chemical properties and material data sheets for Duravair AT -60 are 

included in Appendix B. 

4.2.5.2 High Range Water Reducing Admixture (HRWRA) 

A high range water reducing admixture was used for all mixtures batched during this 

research due to the low w/c and high water and workability demands of the recycled 

aggregates. Two separate HRWRA were used due to the performance of the first 

HR WRA which prompted a switch in products to achieve desired slumps. The first 

HRWRA used was DARACEM 19, manufactured by W.R. Grace & Co, Connecticut. 

The second HRWRA used was Eucon 37, manufactured by Euclid Chemical 

Company. The chemical properties and material data sheets for both the DURACEM 

19 and Eucon 37 are included in Appendix B. 
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4.3 Mixture Designs 

A total of six mixtures were designed for this study. Ultimately a total of nine 

mixtures were hatched and tested during this research. The purpose of this research 

was to investigate the effects that recycled materials have on concrete and to 

ul timately design and test a concrete composed of entirely recycled materials. A 

mixture design matrix showing all six research mixtures is shown in Table 4.7. 

Table 4.7 Concrete Mixture Design Matrix 

Mixture# & Mixture Identification 

1 2 3 4 5 6 

Material 
,-., u ~ ~ ~ ~ 
0 I 

IX) IX) IX) IX) 
I 

u.t: < ~ 
I I I 

a:: < < < u c I a:: a:: a:: 0 0 I u 0 I I I 
0 0 

lf) 0 lf) 
'-' - N lf) r---

Cement (Type 1-11 ) (lb/ycf) 6 15 6 15 0 46 1 308 154 

GGBFS (G rade 120) (lb/ycf) 0 0 6 15 154 308 461 

Cementitious (Cement + GG BFS) (lb/ycf) 6 15 6 15 6 15 6 15 615 615 

Coarse Agg. (UCD rock) (lblycf) 1646 0 0 1200 800 400 

Fine Agg. (UCD sand) (lbly cf) 1324 0 0 100 1 649 316 

Coarse Agg. (Recyc led Concrete) (lb!ycf) 0 1646 1646 400 800 1200 

Fine Agg. (Waste G lass) (lb/ycf) 0 11 39 11 03 3 13 608 887 

Water (lblycf) 246 246 246 246 246 246 

W/CM (ratio) 0.40 0.40 0.40 0.40 0.40 0.40 

Air Content (%) 6.5 6.5 6.5 6.5 6 .5 6.5 

A EA (fl ozlcwt) 1.5 1.5 1.5 1.5 1.5 1.5 

HRW RA (* Dosage Varied) (fl oz/cwt) * * * * * * 
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The total cement content for all mixtures was chosen based on a CDOT Class-

0 concrete mixture as well as thew/c. The cementitious content of 615 lb/ft3 (365 

kg/m3
) was chosen and is the lowest amount acceptable. The w/c value of 0.40 chosen 

was the lowest acceptable level and with the use ofHRWRA this value seemed 

reasonable to work with. All mixtures incorporated AEA to achieve the designed 

6.5% air content. This value was also chosen based on the CDOT Class-D 

requirements. One brand of AEA was used for all mixtures and the dosage was held 

constant at 1.5 f1 oz/cwt ( 1.0 mllkg) . A HR WRA was used on all mixtures to achieve 

workability. The dosage for the HRWRA used varied depending on mixture and in 

several cases the dosage used was well in accidence of the manufacturer's 

recommendations. 

The absolute volume method was used to design these mixtures. By default a 

coarse aggregate weight is chosen as well as a cementitious content and w/c. The fine 

aggregate content is determined by default as the remainder of a cubic yard. 

Therefore, when determining aggregate quantities for mixtures with both normal and 

recycled aggregates the coarse aggregate was split up by weight and the fine 

aggregate was split up by volume. Coincidently the SG of both coarse aggregates 

(recycled concrete and UCD rock) and both fine aggregates (UCD sand and waste 

glass) are similar and therefore the percentages by weight are close to the percentages 

by volume. 

Mixture #1 designated as CC (Control) was the control mixture for this 

research. This mixture contained I 00% UCD aggregates and I 00% Type-I-II portland 

cement as the cementitious content. This mixture had 615 lb/ft3 (365 kg/m3
) of 

cementitious which was composed entirely of PC. The total aggregate weight was 

distributed to 55% coarse aggregate and 45% fine aggregate. By volume the coarse 

and fine aggregates occupied 37 and 30% respectively for a combined total volume of 
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67%. The paste volume (PC, water and air) occupied the remaining 33% of the 

mixture. 

Mixture #2 designated as 1 00-RA-C was designed to investigate the effects of 

recycled aggregates on a concrete made with 100% PC as cementitious. This mixture 

had 615 lb/ft3 (365 kg/m3
) of cementitious which was composed entirely of PC. This 

mixture contained 100% recycled concrete and 1 00% waste glass as the coarse and 

fine aggregates respectively. The cementitious content was a Type-I-II PC. The total 

aggregate weight was distributed to 59% coarse aggregate and 41% fine aggregate. 

By volume the coarse and fine aggregates occupied 40 and 27% respectively for a 

combined total volume of 67%. The paste volume (PC, water and air) occupied the 

remaining 33% of the mixture. 

Mixture #3 designated as 1 00-RA-BF was designed based on a 100% 

replacement of content with recycled materials. This mixture had 615 lb/ft3 (365 

kg/m3
) of cementitious which was composed entirely of GGBFS. This mixture 

contained 100% recycled concrete and 1 00% waste glass as the coarse and fine 

aggregates respectively. The total aggregate weight was distributed to 60% coarse 

aggregate and 40% fine aggregate. By volume the coarse and fine aggregates 

occupied 40 and 27% respectively for a combined total volume of 67%. The paste 

volume (GGBFS, water and air) occupied the remaining 33% of the mixture. 

Mixture #4 designated as 25-RA-BF was designed based on a 25% 

replacement of content with recycled material. This mixture had 615 lb/ft3 (365 

kg/m3
) of cementitious materials. The cementitious content was split up by weight 

into 25% GGBFS, which totaled 154 lb/ft3 (91.4 kg/m3
) and 75% PC which totaled 

461 lb/ft3 (274 kg/m3
). The total aggregate weight was distributed to 55% coarse 

aggregate and 45% fine aggregate. The coarse aggregate was then spilt into 25 and 

75% recycled concrete and UCD rock by weight respectively. By default, the fine 
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aggregate was split into 23.8 and 76.2% waste glass and UCD sand by weight 

respectively. By volume, the recycled concrete and waste glass combined to occupy 

25.7% of the total aggregate volume. By volume the combined coarse and fine 

aggregates occupied 37 and 30% respectively for a total of 67%. The paste volume 

(PC, GGBFS, water and air) occupied the remaining 33% of the mixture. 

Mixture #5 designated as 50-RA-BF was designed based on a 50% 

replacement of content with recycled material. This mixture had 615 lb/ft3 (365 

kg/m3
) of cementitious. The cementitious content was split up by weight into 50% 

GGBFS and PC, each totaling 307.5 lb/ft3 (182.4 kg/m3
) . The total aggregate weight 

was distributed to 55% coarse aggregate and 45% fine aggregate. The coarse 

aggregate was then spilt into 50% recycled concrete and UCD rock by weight 

respectively. By default, the fine aggregate was split into 48% waste glass and 52% 

UCD sand by weight respectively. By volume, the recycled concrete and waste glass 

combined occupied 50.9% of the total aggregate volume. By volume the combined 

coarse and fine aggregates occupied 37.5 and 30% respectively for a total of 67.5%. 

The paste volume (PC, GGBFS, water and air) occupied the remaining 32.5% of the 

mixture. 

Mixture #6 designated as 75-RA-BF was designed based on a 75% 

replacement of content with recycled material. This mixture had 615 lb/ft3 (365 

kg/m3
) of cementitious. The cementitious content was split up by weight into 75% 

GGBFS, which totaled 461 lb/ft3 (274 kg/m3
) and 25% PC which totaled 154 lb/ft3 

(91.4 kglm\ The total aggregate weight was distributed to 57% coarse aggregate and 

43% fine aggregate. The coarse aggregate was then spilt into 75 and 25% recycled 

concrete and UCD rock by weight respectively. By default, the fine aggregate was 

split into 73 .7 and 26.3% waste glass and UCD sand by weight respectively. By 

volume, the recycled concrete and waste glass combined occupied 75.7% ofthe total 

aggregate volume. By volume the combined coarse and fine aggregates occupied 38 
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and 28.5% respectively for a total of 66.5%. The paste volume (PC, GGBFS, water 

and air) occupied the remaining 33.5% of the mixture. 

4.3.1 Mixture Hatching 

All mixtures were batched following the guidelines stipulated by ASTM C 192 

Standard Practice for Making and Curing Concrete Test Specimens in the Laboratory. 

The hatching of the specimens for ASR testing is discussed in Chapter 5. Prior to 

hatching the aggregate moisture contents were taken. To accomplish this all 

aggregates were dumped into a wheel barrow and mixed before obtaining a sample. 

This sample was taken the day before hatching. After initial weight was taken the 

sample was placed in the oven for drying over night and weighed the following day 

just prior to hatching. The aggregates in the wheel barrows were covered with a tarp 

overnight to help maintain moisture content. 

The hatching procedure was similar for all mixtures except for the addition of 

admixtures, which varied considerably. The AEA was always added to the water prior 

to hatching. Two hatching procedures were followed in regards to HRWRA dosage 

procedure during this research. The first procedure involved adding the HRWRA 

after all materials were in the mixer. The second procedure involved dividing the 

water into two equal buckets. The first half used contained the AEA and was allowed 

to mix with the aggregates for several minutes alone. The second half of the water 

contained the HR WRA and was dispersed after the cementitious contents were 

dumped into the mixture. 

For all hatching, the coarse aggregate and fine aggregate were placed into the 

mixer with half of the water (regardless of procedure this water contained the AEA) 

and allowed to mix for several minutes. Next, approximately 75% of the cementitious 
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was added and allowed to mix for a short time. Finally, the remaining water was 

added and if procedure # 1 was followed, the HR WRA, and the mixture was allowed 

to mix for several minutes. If the second procedure was followed the remaining half 

of water was added with the HR WRA incorporated. 

4.3.2 Curing 

After preparing specimens for testing, all mixtures were placed in the humidity 

controlled room overnight. The humidity and temperature level of this room is held 

constant at 40% and 70 °F respectively. On the following day, all specimens were 

removed from the molds and submerged in water until time of testing. 

4.4 Concrete Testing 

Fresh concrete properties were examined immediately after hatching. The fresh 

properties examined included slump, unit weight and air content. The hardened 

concrete properties were examined beginning one day after hatching and continued 

through 90 days of age. The hardened concrete properties tested included 

compressive strength, rapid chloride ion penetrability, freeze-thaw durability and 

alkali-silica reactivity (ASR). Table 4.8 summarizes the testing performed, method 

and time frames. 
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Table 4.8 Fresh and Hardened Concrete Properties Tested 

Fresh Concrete Tests Standard Followed Time of Testing 

Slump ASTM C 143 When Batched 

Unit Weight ASTM C 138 When Batched 

Air Content ASTM C 231 When Batched 

Hardened Concrete Tests Standard Followed Time of Testing 

Compressive Strength ASTM C 39 
1, 7, 28, 56, 90 Days 

(15-cylinders) 

RCPT ASTM C 1202 
28, 56, 90 Days 

(6-cylinders) 

Freeze-Thaw Durability ASTM C 666 
Begin at 28 Days 

(2-beams) 

Alkali-Silica Reactivity (ASR) ASTM C 1567 
Begin at 2 Days 

(3-prisms) 
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5. Experimental Results 

5.1 General 

This chapter contains the presentation of the results and any significant observations 

noted during this research program. The beginning of this chapter begins briefly with 

an explanation of any adverse conditions encountered during the research program. 

The fresh concrete results are presented next followed by the hardened concrete 

results. The mixture designations from the mixture design matrix in Chapter 4 will be 

used throughout. 

5.2 Problems with this Study 

5.2.1 Re-Batch of Mixture #2 (100-RA-C) and Mixture #3 (100-RA-BF) Due to 

Consolidation Concerns. 

When this study began the first two mixtures hatched were the I 00% recycled 

aggregate-cement mixture (mixture #2) and the 100% recycled aggregate-GGBFS 

mixture (mixture #3). The anticipated fresh concrete properties of these two mixtures 

was unknown at the time and it was assumed that HRWRA would be required since 

the w/c was 0.40 for all mixtures. No specific target slump was specified except that 

which would allow proper consolidation of the test specimens. The HR WRA used 

was DARACEM 19. The recommended dosage for the cementitious content of 615 

lb/yd3 (365 kg/m3
) was 60 ml ( 4.6 fl oz/cwt). After several minutes of mixing with all 

the ingredients including the HRWRA, it was clear that the slump would be 

negligible. For both mixtures the cementitious content clumped up into balls and 

would not separate and disperse. More HR WRA would have been used on the first 

mixture but there was only enough left to save for the second mixture being hatched 

that day. 
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Both mixtures had negligible slumps (0 inches (mm)) and were very difficult 

to consolidate. There appeared to be un-hydrated cement and GGBFS clumps within 

the mixtures. The following day the molds were stripped and it was clear that these 

specimens may not give satisfactory results due to excessive honey combing around 

the outside of the cylinders as well as the freeze-thaw beams. It was decided to 

continue with the program and test these specimens assuming the honey combing was 

only present on the outside surface. Compressive strengths were quite low for both 

these mixtures but the expectations were not known and therefore it was unclear 

whether this was due primarily to the honey-combing or simply due to the recycled 

materials. However, at the time of the first RCPT testing it was impossible to create a 

tight seal around the specimens for both mixtures and permeability tests could not be 

performed. The freeze-thaw beams for both mixtures also deteriorated rapidly, within 

30-40 cycles and it was decided to re-batch both mixtures. 

Mixtures #2 and #3 were re-batched using a different HR WRA with much 

larger dosages. Eucon 37 was used and a different technique was applied regarding 

application of the HRWRA. Previously, on the first hatching the HRWRA was added 

after all ingredients were in the mixer. For this re-batch it was decided to split the 

water into two equal amounts and add the air entrainment to the first bucket and allow 

this to mix with the aggregates and cement separately for several minutes. The second 

bucket contained three times the recommended dosage of HR WRA (180 mi.) and was 

added last. Although this method did break up the clumps of cementitious it was still 

evident that the slump would be negligible for both mixtures. More HR WRA was 

added (up 740 ml.) without results. Both mixtures only produced \12 inch slump at best 

but the new technique as well as new HR WRA proved to be useful as the 

consolidation was successful. Although difficult to consolidate, when the specimens 

were tapped on the sides the cementitious rose to the surface. All specimens looked 

great after removing the molds and no honey-combing existed. 
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5.2.2 Re-Batch of Mixture #2 (100-RA-C) Due to a Lack of Specimen 

Quantities 

When Mixtures #2 and #6 were re-batched due to consolidation concerns mentioned 

previously, a mistake was made when counting test specimens. A total of21 - 4 x 8 

inch (1 02 mm x 203 mm) cylinders were required to perform the compressive testing 

as well as the RCPT testing. For Mixture #2 only 15 cylinders were cast (6 short) and 

for Mixture #6 only 18 cylinders were cast (3 short). It was decided that Mixture #6 

would not need to be re-batched because this was the 100% GGBFS mixture and the 

strength gains were anticipated to be much slower and later age strength specimens 

were the most important. Therefore, only two cylinders were tested for 1, 7 and 28 

days of age for Mixture #6. This is still acceptable according to ASTM procedures as 

only two cylinders are required. Mixture #2 was re-batched because this was a I 00% 

cement mixture and 6 cylinders was thought to be a stretch when comparing data. 

However, these test specimens were still used and averaged with the Mixture #2 re

batch specimens. Two specimens were used for each compressive strength test and 

one specimen was used for each RCPT test. This combined for a total of 5 

compressive strength cylinders for each age and 3 cylinder for each RCPT test age 

when combined for Mixture #2. 

5.2.3 Freeze-Thaw Chamber 

During the course of the durability testing the freeze-thaw chamber had several issues 

arise. The first set of freeze-thaw specimens to be tested included mixture #1, 2, 3 and 

5. These mixtures were hatched in early March of2010. In May of2010 the control 

beam fractured and the machine was shut down until a new control beam could be 

made. At the time of failure, mixture #2 and #3 specimens had already shown 

significant deterioration and as previously mentioned these mixtures were abandoned 
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and the specimens were discarded. Mixture # 1 and #5 specimens had undergone 

approximately 56 cycles at the time of failure. According to ASTM C 666 

procedures, if testing must be stopped for any reason the specimens should be stored 

in a frozen condition until testing can once again commence. This procedure was not 

followed and the test beams were stored in a dry condition until the new control beam 

was made and testing could continue. Approximately 5 weeks had passed before a 

new control beam was installed. Although a new control beam was installed, testing 

did not continue until late July of2010 due to concerns regarding the calibration of 

the freeze-thaw chamber. It was believed that the machine was cycling too rapidly 

and the specimens were not completely thawing after each freeze cycle. Therefore, a 

total of 11 weeks had passed before testing continued, and during this time period the 

specimens were stored in the dry condition. 

The second set of specimens to undergo freeze-thaw testing were mixtures #2, 

2 (Re-Batch), 3, 4, and 6. These specimens were hatched in November of2010. 

Testing began in December of2010 for these specimens. In January of2011 a new 

control module was purchased for the machine. Although concerns were raised 

regarding the interruption of the freeze-thaw testing, it was decided that this new 

control module would be installed and testing was stopped. It was realized that the 

previous specimens tested were supposed to be stored in a frozen state. However, due 

to mistake made with previous specimens (mixture #1 and #5) it was decided to store 

these specimens the same way (in the dry) as the previous such that conditions would 

be identical. The new control module was installed and calibrated near the end of 

February and testing continued. The specimens had been stored in the dry for 

approximately 6 weeks. Although these problems appeared troublesome at first, in 

hind sight the specimens for all mixtures were now more closely related since both 

sets of testing had been interrupted and the specimens were stored in the dry. 
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5.3 Fresh Concrete Properties 

The fresh concrete properties tested included slump, unit weight and air content. The 

results of these fresh concrete properties are included in Table 5.1. 

Table 5.1 Fresh Concrete Properties 

Mixture Identification Slump Air Content Measured Unit Weight 
(inch) (%) r Lblfr; 

1 CC (control) 1.75 10.0 134.8 

2 100-RA-C 0.50 5.2 139.2 

3 100-RA-BF 0.50 4.6 140.8 

4 25-RA-BF 8.25 6.4 138.6 

5 50-RA-BF 0.50 7.0 140.8 

6 75-RA-BF 3.00 7.5 134.1 

5.3.1 Slump 

As previously mentioned, there was no specific target slump required for these 

mixtures. However, in general a slump of 3 inches (76.2 mm) was believed to be a 

reasonable value to achieve consolidation on the test specimens. Due to the low w/c 

values on these mixtures, and the unknown effects of the combined recycled 

materials, a HR WRA was used for all mixtures and the dosage varied depending on 

mixture. Two different techniques were used when applying the HRWRA. Procedure 

# 1 involved adding the HR WRA into the mix after all ingredients were in the mixer 

and after several minutes of mixing. Procedure #2 involved dividing up half of the 
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water and adding the HR WRA with half of the water at the end of the mixing and 

allowing the mixing to continue for several more minutes. An AEA was also used on 

all mixtures and this dosage remained constant at 20 ml (1.5 fl oz/cwt). 

Mixtures #2 and #3 had the lowest slumps of only 0.5 inches (12.7 mm). Both 

of these mixtures had 100% recycled aggregates and differed only in the type of 

cementitious material. Mixture #2 was I 00% PC and Mixture #3 was I 00% GGBFS. 

These values are the values obtained from there-batch of these mixtures. The original 

mixtures had negligible slumps (0 inch (0 mm)). The first hatching of these mixtures 

contained 60 mi. ( 4.6 fl oz/cwt) of DARACEM 19 and the second batches contained 

up to 740 mi. (56.4 fl oz/cwt) ofEucon 37. The first hatching used procedure #1 for 

addition of HR WRA. The second hatching used procedure #2, yet after unsuccessful 

results additional HRWRA was dumped liberally into the mixer. These mixtures were 

difficult to work with yet the consolidation was successful on all re-batched test 

specimens. 

Mixture # 5 had a slump of only 0.5 inch (12.7 mm). This mixture had 50% 

recycled aggregates and 50% natural aggregates. The HRWRA used was DARACEM 

19 and the dosage was 60 ml ( 4.6 fl oz/cwt). Procedure # I was followed for adding 

the HRWRA. Although this mixture only had a slump of0.5 inch (12.7 mm) the 

workability was surprisingly decent. All test specimens were consolidated with only a 

little extra effort. 

Mixture #1 which was the control mixture achieved 1.75 inch (44.5 mm) of 

slump. This mixture had 100% PC as well as 100% natural aggregates. DARACEM 

19 was the HR WRA and a dosage of 60 ml ( 4.6 fl oz/cwt). was used. Procedure # I 

was followed for adding the HR WRA. The workability of this mixture was good and 

the test specimens were consolidated easily. This is expected as the natural aggregates 

had favorable properties. The F.M. of the UCD sand was 2.74 which is within 
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recommended value ranges for a workable mixture. The UCD rock was a rounded 

stone which would also contribute to the workability. Secondly, as will be discussed 

later, the air content of this mixture would have also helped tremendously. 

Mixture #6 which was the 75% recycled mixture achieved a slump of3.0 inch 

(76 mm). This mixture had 75% recycled aggregates and GGBFS and 25% natural 

aggregates and PC. Eucon 37 was the HRWRA and a dosage of350 ml (26.7 f1 

oz/cwt) was used. Procedure #2 was followed for adding the HR WRA. This mixture 

was easy to work with and consolidation of test specimens was done with ease. 

Mixture #4 had the highest slump value of 8.25 inch (21 0 mm). This mixture 

had 25% recycled aggregates and GGBFS and 75% natural aggregates and PC. Eucon 

37 was the HRWRA and a dosage of350 ml (26.7 fl oz/cwt) was used. Procedure #2 

was followed for adding the HR WRA. This mixture was very easy to work with and 

test specimens were consolidated with little effort. 

Figure 5.1 shows the effects ofthe different HRWRA on the slumps of the 

concrete mixtures hatched. What can be easily seen from this figure are the effects 

that recycled aggregate have on slump. 
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Figure 5.1 Mixture Slump and HRWRA Type Used 

What can be deduced from these results is the significant effect recycled 

aggregates have on the workability and water demand of a concrete mixture. The 

RCA had an absorption capacity of 4.58% and combined with a F.M. of 4.08 for the 

glass and a w/c of 0.40 these results are not surprising. A significant amount of 

HRWRA (six times recommended dosage) was used to achieve even small slump 

values and after heavy dosage it became clear that HRWRA has little effect on 

concretes containing 1 00% recycled aggregates. Based on the literature review these 

results are consistent based on the fines content of the RCA which was above 

recommended guidelines. It is also notable that the HR WRA effects are not attributed 

to the type of cementitious used as both mixtures had similar slumps (mixtures #2 and 
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#3). Another noticeable difference was the effect of Eucon 3 7 and the Procedure #2 

on the slump values. All mixtures containing Eucon 37 followed Procedure #2 and all 

mixtures which used DARACEM 19 followed Procedure # 1. If Procedure #2 was 

followed with DARACEM 19 the results may have improved. 

Based on these results, Mixtures #2, #3 would not be suitable for use in much 

more than mass concrete placements such as RCC or in placements were heavy 

vibration techniques could be employed. These mixtures would probably not be 

suitable were moderate or heavy reinforcement is expected. Mixture #5 would 

probably be suitable for use with reinforcement due to the ease of consolidation. 

Regardless of the slump value obtained on this mixture it was very easy to work with. 

Mixtures #1, #4 and #6 would be suitable for most applications were reinforcement is 

expected as these mixtures would consolidate well around the reinforcement with 

little vibration. 

5.3.2 Air Content 

The use of AEA was incorporated into all mixtures. A target air content of 6.5% was 

used based on CDOT Class-D mixture specifications. To achieve this, Daravair AT-

60 was selected and a dosage rate of 1.5 f1 oz/cwt (20 ml) was used on all mixtures. 

Air contents of each mixture were tested immediately after hatching according to 

ASTM C 231 procedures. Although the dosage was measured correctly and remained 

consistent the air contents varied. The air contents for mixtures #2 through #6 were 

somewhat close to each other and the target air content. However, Mixture #1 had an 

air content average of 10%. This was measured four separate times with two different 

meters and all results were closely grouped. Although it is believed the dosage on this 

mixture was correct, it may have been miscalculated and would explain the excessive 

air content. 
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Mixtures #3 and #2 did not achieve the target air content having the lowest 

percentages of 4.6% and 5.2% respectively. This may have been caused by additional 

mixing time required to unsuccessfully achieve workability. As previously stated, 

these mixtures achieved minimal slump and while hatching multiple additions 

HRWRA beyond the original dosage were added with intermittent mixing times 

between each addition. This added mixing time may have essentially deflated the 

concrete mix as this is a common result of over mixing. Mixture #3 was mixed for a 

total of 30 minutes. The air contents do not appear to be related to recycled material 

content at first glance. Mixture # 1 which was the control mixture had the highest air 

content followed by Mixture #6 which was composed of75% recycled materials. 

This is not consistent with mixtures #2 and #3 which had the lowest air contents and 

highest recycled materials contents. However, if the excessive mixing times did not 

occur for these two mixtures, the results may show that air content does increase with 

increasing recycled materials content if the control mixture is ignored assuming an 

incorrect dosage of AEA. 

5.3.3 Unit Weight 

The unit weights of each mixture were tested immediately after hatching according to 

ASTM C 138 procedures. The design theoretical unit weights were between 133.7 

and 141.9 lb/ft3 (79.3 kg/m3 and 84.2 kg/m3
) for these mixtures and depended upon 

the amount of recycled materials and air content. The w/c was held constant for all 

mixtures and therefore did not play a role. The theoretical unit weights decreased with 

increasing recycled materials. This would be expected because the specific gravity of 

the GGBFS is lower than cement as well as the decreased unit weight of the RCA 

compared to the natural aggregates. Table 5.2 shows the theoretical and measured 

unit weights together with air contents for all six mixtures. 
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Table 5.2 Measured Unit Weights, Theoretical Unit Weights and Air Contents 

Mixture Air Measured Unit Theoretical Unit Difference 
Identification Content Weight Weight from 

( %) ( lb/ff) ( lb/ff) Theoretical 

1 CC (control) 10.0 134.8 141 .9 - 7.1 

2 100-RA-C 5.2 139.2 135.1 + 4.2 

3 100-RA-BF 4.6 140.8 133.7 + 7.1 

4 25-RA-BF 6.4 138.6 139.8 - 1.2 

5 50-RA-BF 7.0 140.8 137.7 +3 .1 

6 75-RA-BF 7.5 134.1 135 .7 - 1.6 

Air content also plays a role in measured unit weights. In the design process the target 

air content of 6.5 % by volume is specified and accounted for when the theoretical 

unit weights are calculated. The air content and unit weight are inversely 

proportional. For example, ifthe measured air content was higher than 6.5 %, this 

gain in air content equals a decrease in paste, aggregate, etc and thus will result in a 

decrease in unit weight because the extra volume taken up by the weightless air. Four 

out of the six mixtures follow this trend of increasing or decreasing unit weight based 

on air content. For comparison purposes a second table was provided which shows 

the adjusted theoretical unit weights with the actual calculated air contents. Table 5.3 

shows the adjusted theoretical unit weights. 
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Table 5.3 Measured Unit Weights & Air Adjusted Theoretical Unit Weights 

Mixture Measured Unit 
Air Adjusted Difference from 

Identification Weight 
Theoretical Unit Adjusted 

( lb/ff) Weight Theoretical 
( lb/ff) ( lb/ff) 

1 CC (control) 134.8 136.1 - 1.3 

2 100-RA-C 139.2 137.0 + 2.2 

3 100-RA-BF 140.8 136.6 + 4.2 

4 25-RA-BF 138.6 140.0 - 1.4 

5 50-RA-BF 140.8 136.9 + 3.9 

6 75-RA-BF 134.1 134.1 0 

Mixture #I had a significantly lower unit weight than the theoretical but also 

had a much larger air content of 10%, which was 3.5% above target. The difference 

in unit weight is approximately 5.2% (1.0% from adjusted). Mixture #2 had a higher 

unit weight which corresponds to the decreased air content of 5.2%, which is 1.3% 

below target. The difference in unit weights is approximately 3.0% (1.6% from 

adjusted). Mixture #3 had a significantly higher unit weight than theoretical and this 

corresponds to the lower air content of 4.6% which is 1.9% lower than target. The 

difference in unit weights is approximately 5.3% (3 .0% from adjusted). Mixture #4 

had a slightly lower unit weight but also had a slightly lower air content as well. This 

does not correlate with expectations but the difference in unit weights is small, only 

0.85% (1.0% from adjusted). Mixture #5 had a higher unit weight than theoretical and 

had a higher air content as well. This does not correlate with expectations and the 

difference in unit weights is 2.3% (2.8% from adjusted). Mixture #6 had a slightly 
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lower unit weight and correlated with the increased air content of 7.5% which was 

1.0% higher than target. The difference in unit weights was small, only 1.2% (0% 

from adjusted). Several factors may have played a role in these discrepancies. The 

addition of HR WRA which was not accounted for in the theoretical unit weights may 

have caused small differences. This would only cause very minor discrepancies 

however. The more probable cause of these differences is errors while performing the 

test. Improper consolidation or even air content measurement will cause significant 

differences between measured and theoretical unit weights. 

5.4 Hardened Concrete Properties 

Hardened concrete testing was performed on all mixtures at various ages after 

hatching. These tests consisted of compressive strength, permeability, freeze-thaw 

durability and ASR expansion tests. 

5.4.1 Compressive Strength 

The compressive strength for all mixtures was tested according to ASTM C 39 

procedures at 1, 7, 28, 56, and 90 days of age. A total ofthree 4 inch x 8 inch (102 

rnm x 203 mm) cylinders were tested at the appropriate age specified. The 

compressive strength is calculated by dividing the ultimate load at failure (!b) by the 

cross sectional area of the cylinder (in2
) . This strength is then recorded as (lb/ in2

). 

The strength of concrete and air content are inversely proportional. The 

compressive strength of concrete decreases 5.0% for every 1.0% increase in air 

content (Mindess, 2003). In order to accurately evaluate the results of this research it 

was necessary to nom1alize the data. Since all mixtures were designed based on 6.5% 
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air content this value was used as a datum. Concrete strengths were then adjusted 

based on actual measured air content. If the air content of the concrete mixture was 

higher than 6.5% the strength was increased, and vice versa. Equation 5.1 shows how 

the data was normalized. Tables 5.3 and 5.4 summarize the average compressive and 

average normalized compressive strengths for all mixtures. Figure 5.2 shows failed 

test specimens from a 100% GGBFS mixture and a 100% PC mixture (mixtures #3 

and #2) respectively. 

fc' X (1-0.05 * 6.5%) I (1-0.05 * Air Measured%) = f 'c,normalized (5.1) 

Table 5.4 Average Compressive Strengths 

Compressive Strength 

Mixture Identification (lb/in2
) 

1-Day 7-Day 28-Day 56-Day 90-Day 

1 Control 1974 3657 4332 4567 4824 

2 100-RA-C 2410 3649 4375 4958 5540 
.., 100-RA-BF 773 2659 3836 4371 4820 -' 

4 25-RA-BF 2350 4248 5604 5966 6730 

5 50-RA-BF 1509 5061 6674 6677 6739 

6 75-RA-BF 879 4219 5148 5239 5870 

112 



Table 5.5 Average Compressive Strengths Normalized for 6.5% Air Content 

1 

2 

3 

4 

5 

6 

Actual Compressive Strength 
Mixture Air (lblin2

) 

Identification Content 
(%) 1-Day 7-Day 28-Day 56-Day 90-Day 

Control 10.0 2665 4937 5848 6166 6513 

100-RA-C 5.2 2113 3205 3851 4345 4869 

100-RA-BF 4.6 677 2331 3363 3832 4226 

25-RA-BF 6.4 2332 4216 5563 5923 6681 

50-RA-BF 7.0 1567 5256 6931 6934 6998 

75-RA-BF 7.5 949 4557 5560 5659 6339 

Figure 5.2 Failed Compressive Test Specimens, 100-RA-BF (Mixture #3) 

& 100-RA-C (Mixture #2), Respectively 
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Individual strength gain curves for each mixture are plotted and shown in 

Figures 5.3 through 5.7. Each individual mixture is plotted with the control mixture 

(CC) for comparison. These strength gain curves are all based on the normalized 

compressive strengths. The combined strength gain curve showing all six concrete 

mixtures is shown in Figure 5.8. 
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When comparing the results presented in Tables 5.3 and 5.4, it becomes 

clearly evident that air content played a large role in the compressive strengths for 

these concretes. The Mixture #1 (CC control) specimens did not achieve nearly the 

strengths that would be expected from a concrete mixture such as this one. The 

necessity to normalize the data based on air content should be obvious, otherwise any 

comparisons made between mixtures would be biased. Therefore, any further 

reference to concrete mixture strengths will be based on the normalized data. 

Referencing Table 5.4, Mixture #1 achieved the greatest 1-day strengths when 

compared with the recycled mixtures. The 25% recycled mixture came close to 

achieving similar 1-day strengths as well. The strengths decreased for mixtures #5, #6 

and #7 as recycled material content increased from 25% to 100%. Mixture # 1 also 

had lower strengths than the control mixture. The decrease in strength for this mixture 

can only be attributed to the recycled aggregates as this mixture had 1 00% PC as the 

cementitious content. The lowest 1-day ultimate strength came from Mixture #3 

which had no PC or natural aggregates. This is expected as the GGBFS hydrates 

much slower than PC. This was a pleasant surprise as it was believed that 1-day 

strengths would not even be possible from this mixture. 

When observing the 7-day strengths, the trend of decreasing strength with 

increasing recycled content did not apply for this age group. Strengths increased up to 

50% replacement (Mixture #5) and then decreased with further replacement. Mixture 

#5 had the greatest strengths of all mixtures. This strength gain of nearly 3 700 psi 

(24.8 Mpa) in 6 days is quite impressive. What is also interesting is that this mixture 

had the fourth lowest strength at 1-day. This rapid increase in strength can be 

visualized by observing Figure 5.5. Mixture #1 maintained a steady strength gain and 

had the second highest 7-day strength. This was a strength gain of nearly 2300 psi 

(15.8 MPa) from the first day. Mixture #6 had the third highest 7-day strength, but 

more importantly this mixture had a very large strength gain of 3600 psi (24.8 MPa). 
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This strength gain is almost identical to Mixture #5 previously discussed. This would 

indicate that the GGBFS significantly impacts the first day strength but somewhere in 

between the seventh day this factor is no longer applicable. This may also be related 

to the PC content within mixtures #4, #5 and #6. For instance, Mixture #3 did have a 

decent strength gain of I654 psi ( II.4 MPa) but still had the lowest 7 -day strength. 

This mixture must rely entirely on the GGBFS for strength as no PC is available. 

Although Mixture #3 had the lowest 7-day strength, the strength of233I psi (16.1 

MPa) is a reasonable amount to strip formwork. Mixture #2 had the slowest strength 

gain of only I 092 psi (7.52 MPa). This is interesting because this mixture has 100% 

PC and the strength gain was less than the 100% GGBFS mixture (Mixture #3). 

When comparing Mixture #2 with Mixture #1 the effect of recycled aggregates is 

rather significant. The difference in strengths is over 1700 psi (11.7 MPa) for these 

two mixtures. 

The 28-day strengths showed a drop off in strength gains for all mixtures. A 

similar trend of increasing strength with increasing recycled material up to 50% was 

observed, and a decrease thereafter. The highest strengths were produced again by the 

50% recycled mixture (Mixture #5). The strength of 6931 psi ( 4 7.8 MPa) is 

impressive and is an increase of 1700 psi ( I1. 7 MPa) in 21 days. What can also be 

seen regarding this mixture is that nearly 100% of the strength gain has occurred by 

28-days as not much else occurs with strength gain hereafter. Not surprisingly the 

control mixture (Mixture #I) had the second highest 28-day strength. However, this 

mixture had the second lowest strength gain of only 900 psi (6.2 MPa). The second 

highest strength gain came from the 25% recycled mixture (Mixture #4) and was 

1300 psi (9.0 MPa) in 2I-days. Mixture #4 achieved equal strengths with the 75% 

recycled mixture (Mixture #6) at 28-days. Mixture #3 had a modest increase of 

roughly 1000 psi (6.9 MPa) but is still the lowest strength producer. However, 3300 

psi (22.8 MPa) is considered a normal strength concrete and this concrete would be 
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able to take service loads at this point. Once again the lowest strength gain came from 

Mixture #2 with only 600 psi ( 4.14 MPa). 

The progression to 56-day strengths showed another drop in strength gains for 

all mixtures. Again, the 50% recycled mixture (Mixture #5) had the greatest strength 

but this strength was the same as it was for 28-day. The second highest strength came 

again from the control mixture (Mixture # 1 ). Mixture # 1 had the average strength 

gain of all mixtures at 300 psi (2.07 MPa). The 25% recycled mixture (Mixture #4) 

had the third highest strength for this age group and surpassed the 75% recycled 

mixture (Mixture #6) for 56-day strengths. This mixture was tied with Mixture #2 for 

the greatest strength gain of 500 psi (3.45 MPa). Mixture #2 maintained a similar 

strength gain as the last age period and is still the second lowest strength producer 

with only 4345 psi (30 MPa) at 56-days. This mixture is only slightly higher in 

strength than the 100% recycled mixture (Mixture #3) which was the lowest again at 

only 3832 psi (26.4 MPa). Although lowest, this is a respectable strength for a normal 

strength class concrete. 

The 90-day strength trend proved to be interesting and did not follow the 

usual drop in strength gains as the previous age group. Mixture #5 did not achieve 

any signjficant strength increases but still maintained the highest ultimate strength of 

roughly 7000 psi (48.2 MPa) at 90-days. The 25 and 75% recycled mixtures (Mixture 

#4 and #6) had an interesting identical strength gain of 700 psi ( 4.82 MPa). Both 

strength gains were the highest and are an increase from the 56 days of age testing 

group. This increase in strength gain is most significant when observing Mixture #6 

which had only a 100 psi (0.7 MPa) strength gain previously. Mixture #4 surpassed 

the strength of the control mixture (Mixture # 1) at 90-days of age with an ultimate 

strength of nearly 6700 psi ( 46.2 MPa) which is the second highest of all mixtures. 

Mixture# 1 also had a slight increase in strength gain at 90-days of age and comes in 

at the third highest strength of all mixtures. Mixture #2 maintained the same strength 
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gain of 500 psi (3.45 MPa) and finished with the second lowest strength of nearly 

4900 psi (33 .8 MPa). The I 00% recycled mixture (Mixture #3) had a slight decrease 

in strength gain from 500 to 400 psi (3.45 to 2.76 MPa). The ultimate strength at 90-

days was a respectable 4200 psi (29.6 MPa). 

When comparing the 28-day strength requirements for a COOT Class-D 

concrete mixture, three of the recycled concretes achieved adequate strengths. The 

requirement is 4500 psi at 28-days of age. Mixtures #4, #5 and #6 exceeded the 

requirements at 28-days. The 50 and 25% recycled mixtures (Mixture #5 and #6) 

actually achieved the required strengths at 7-days of age. Figure 5.8 shows the 28-day 

strengths of all six mixtures for comparison. 
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Even with 75% recycled materials (Mixture #6) the required strength at 28-days was 

achieved. However, as previously mentioned these mixtures were only loosely based 

on a Class-D mixture as the percentage of replacement used was beyond 

specifications. Also, the early age strengths for these mixtures (with the exception of 

Mixture #5) would also raise concern for roadway work because typically early 

strengths are needed to allow traffic as soon as possible. Mixture #5 not only 

achieved the required 28-day strength but also would be suitable for early age 

requirements as well. This concrete gained all its strength by 28-days and at 7-days of 

age this concrete would be able to take on substantial loading. 

The recycled concrete mixtures overall performed well. The 50% recycled 

mixture (Mixture #5) outperformed the control mixture by nearly I 000 psi at 28-days 

and 500 psi by 90-days. This is impressive and Mixture #5 would be classified as a 

higher strength mixture with nearly 7000 psi at 28-days. What is interesting is that 

50% recycled material content appears to be the pessimum replacement amount. 

Another interesting observation was the dramatic increase in strength for this mixture 

between 1 and 7 days of age. The 25 and 75% recycled mixtures (Mixture #4 and #6) 

achieved very similar strengths and strength gains after the first day. This is 

interesting because they are completely different mixtures with respect to recycled 

material contents. Both of these mixtures also achieved an identical spike of strength 

gain between 56 and 90-days of age. The ultimate strength of 6300 psi ( 43.4 MPa) for 

a concrete made from 75% recycled materials is quite impressive. This concrete did 

gain strength slowly for the first few days but then quickly caught up with its 

counterparts. 

Mixture #3 gained the least amount of strength but at the same time is the 

most impressive. This strength came entirely from the GGBFS and shows that it is 

possible to achieve strengths without the use of PC. Although the gain is much slower 

an ultimate strength of 4200 psi (29.6 MPa) is a normal strength concrete. If the 
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strength gain was more rapid this mixture may actually be a viable alternative. 

However, in applications were rapid strength gain is not required (i.e. mass 

placements) this mixture may perform well. Although 120-day strengths were not 

tested for these mixtures the results would probably indicate a continued strength gain 

for this mixture, as well as the 75% recycled mixture (Mixture #6). 

The 100% recycled aggregate mixture (Mixture #2) did not perform as well as 

expected. This mixture was the second lowest strength producer second only to the 

100% recycled mixture (Mixture #3). This indicates that there may be something 

happening between the PC and the aggregate which would cause this decrease in 

strength. The first thought that comes to mind is ASR. It would have been beneficial 

to have researched intermediate replacement amounts of only recycled aggregate. 

Although ASR was tested and will be discussed later in the report, it would have also 

been interesting to leave some cylinders in the dry (i.e. not submerged) to see is ASR 

was a factor. This may have shown if ASR was the problem because moisture is 

needed to cause the ASR gel to expand. If something detrimental is occurring 

between the PC and recycled aggregate, this effect is obviously not occurring with a 

25% GGBFS replacement (i.e. Mixture #4). It should also be noted that Mixture #2 

was hatched twice and the results of both hatched specimens were very similar. The 

results presented herein are the average of these two batches. 
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5.4.2 Permeability 

The permeability of concrete is a very important property. Susceptibility to chemical 

attack and corrosion of reinforcement are both directly related to a concrete ' s 

permeability. In concretes used in cold weather climates the need for a dense concrete 

is even more pronounced due to the constant use of chemical deicers. The testing of 

permeability on concrete is somewhat debatable. The most common test method used 

for testing a concrete's permeability is the Rapid Chloride Ion Penetrability Test 

(RCPT). This test method follows procedures set forth by ASTM C 1202 and was the 

test method used for this research program. 

This test method does not actually test a concrete's permeability. Instead, this 

method tests a concretes resistance to chloride ion penetration. The testing takes place 

for six hours and the total charge passed is used to make a relation to permeability. 

The reason this method is used so frequently is due to the long and complicated 

process of actually testing the permeability of concrete. This method is prone to 

problems caused by supplementary cementitious materials and the chemical transfer 

of electrons through the medium. Any change in the chemical composition of the 

cement matrix may also change the amount of charge passed. For example, if a 

concretes paste volume is chemically altered due to the use of an SCM, the results 

may indicate a higher or lower permeability when actually this was not the case. 

Regardless, it has been shown to be a reliable test method and results correlate well 

with the standard test methods of measuring permeability. The problem with SCM's 

affecting concretes permeability has mainly been contributed to silica fume. Table 5.6 

shows the RCPT rating scale used to determine a concrete's permeability based on 

test results. 
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Table 5.6 ASTM C 1202 RCPT Permeability Classifications 

Total Charge Passed in 6 Hours Chloride Ion Penetrability 

(Coulombs) (Permeability Classification) 

greater than 4,000 High 

2,000-4000 Moderate 

1,000 - 2,000 Low 

100 - 1,000 Very Low 

Less than 1 00 Negligible 

All concrete mixtures developed for this research were tested according to ASTM C 

1202 procedures at 28, 56 and 90 days of age. The day before each test, two concrete 

cylinders ( 4 inch x 8 inch (1 02 mm x 203 mm)) are removed from the water tank and 

a 2 inch (51 mm) specimen is cut from the top surface using diamond bladed wet saw. 

The specimen is then inserted into a desiccator and a vacuum is held for a total of 3 

hours. The maximum vacuum held during this time was approximately 22 to 25 

inches (559 to 635 mm) of mercury. After three hours water is added to the 

desiccator, while the vacuum is held, and the vacuum is maintained for an additional 

hour. The specimens are then exposed to atmosphere (the lid on the desiccator is 

removed) overnight for at least 18 hours. This is done to ensure the specimens are 

completely saturated (SSD) for the test. 

On the day of testing the specimens are removed from the water and rubber 

gaskets are applied to both ends. Small amounts of silicone were used to ensure a 

tight seal between the rubber gasket and the concrete cylinder. The testing apparatus 
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is put together after this and two separate ion solutions are made. Each side of the 

concrete cylinder is enclosed in a sealed container during the test. One container is 

filled with sodium hydroxide (NaOH) on one side and the other container with 

sodium chloride (NaCl). The testing begins by applying a voltage of 60-volts between 

the specimen and the program Prove-It records the charge passed in Coulombs over a 

6 hour period. Figure 5.9 shows the RCPT set up. Due to the amount oftest 

containers available ( 4 total) only four specimens could be tested at any given time. 

Two specimens were tested for each mixture at the given time interval. The only 

exception to this was Mixture #2, which included three specimens tested for each age 

interval. 

Figure 5.10 Photograph of RCPT Test Setup and Apparatus 
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The averaged results of the RCPT tests performed are included in Table 5.5 

and Figure 5.9. These are averaged results from two specimens (Mixture #2 had 

three). These mixtures were somewhat designed based on a CDOT Class-D concrete 

mixture and there are not requirements for permeability with a Class-D. Therefore, 

for comparison purposes the requirements for permeability of a Class-H COOT 

mixture are shown with Figure 5.9. A Class-H mixture must have an RCPT result of 

2,000 Coulombs or Jess at 56-days of age to be approved. 

Table 5.7 Results ofRCPT Testing Performed at Various Ages for All Concrete 

Mixtures. 
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1 CC (Control) 2106 Moderate 1972 Low 1969 Low 

2 100-RA-C 2907 Moderate 2212 Moderate 1773 Low 

3 100-RA-BF 578 Very Low 406 Very Low 321 Very Low 

4 25-RA-BF 1602 Low 1326 Low 1327 Low 

5 50-RA-BF 1041 Low 1003 Low 874 Very Low 

6 75-RA-BF 516 Very Low 424 Very Low 403 Very Low 

127 



• 28- Day CJ 56 - Day 1..! 90- Day 

3000 

"' t.. 
::s 
0 2500 .c 

MODERATE COOT Class-H 

-· ·-·-·- ---··---·-··-~ .. -~. - ......... ~ 56-Day Coulomb Limit 

\C 

.5 
"'0 2000 
~ 

"' "' ~ 
~ 1500 
"' .Q 

8 
~ 1000 
::s 
0 
u - 500 ~ -~ 

0 

- t - lj .- .. I 
I I I I LOW 

......... 
I I L .. 
I ·-··-··-··-

I 
I I r- 1- .. I I 
I I I 
I I I 

-- J 
~ ~ 1--- .I ,- r- ----- -

I I I 
I I I .- .. VERY LOW I I I I I 
I I I I I 

- : ~ "I !-- ~ !-
l ttr--rrr I I I I I I r-1 
I I I I r -• I I I I ~u~ Du_,_ lli I I I I 

I I I I 
.. - 1-- -,-··-· - l ..J--,--- ...... Li.....! .~·-

(; .;;;:-, o/ o/ o/ o/ cj ~ ;:} o/ o/ o/ o/ §' (} 
I.;: ,!¢ ~ r\i §' ...... & fV i' 0 0 ...... 

~ v ~ ~ 0 
~ 

~ 

Mixture Identification 
---

Figure 5.11 Results of RCPT Testing Performed at Various Ages fo r All 

Concrete Mixtures. 

., 

These results show that all concrete mixtures except Mixture #2 achieved the required 

permeability classification by 56-days of age. Mixture #2 did achieve adequate 

permeabi lity by 90-days of age. What can be seen from observing these results is the 

dramatic impact that GGBFS has on concretes permeability. The decrease in 

permeability is linearly related to the amount of GGBFS contained within the 

mixture. This drop in permeability cannot be related to the recycled aggregates 
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because significantly different results were obtained from Mixture #2 as opposed to 

Mixture #3 which both had 1 00% recycled aggregates. 

When observing the 28-day results, the drop in Coulombs for each increase in 

GGBFS content is around 500 when comparing mixtures #4, #5 and #6. Similar 

results were seen for the 56 and 90-day tests as well. The increase in GGBFS content 

from 75% to 100% doesn ' t appear to affect the outcome of this test by much. Both 

Mixture #3 and Mixture #6 achieved similar results throughout this testing. However, 

the ultimate lowest results did come from Mixture #3 which had 100% GGBFS. 

Another interesting point to be made is the performance of Mixture #2. This mixture 

performed the worst out of all mixtures and was composed of 100% PC as the 

cementitious. It was noted that consolidation concerns arouse when this mixture was 

batched, however the very same consolidation concerns were also present for Mixture 

#3 which was batched at the same time. Therefore, consolidation was probably not 

the cause of the higher permeability. 

The results of these tests are not surprising. Previous testing on the 

permeability ofGGBFS concretes has shown similar results. The ability ofGGBFS to 

decrease concretes permeability is well known. The decrease in permeability for 

Mixtures #4, #5 and #6 can be attributed to the pozzolanic reaction that takes place 

between the GGBFS and the calcium hydroxide (CH) released during the hydration 

process. This drop in permeability occurs when any pozzolanic material is used is 

concrete and is not limited to GGBFS. Fly ash and silica fume will also behave 

similar to GGBFS with respect to decreasing permeability. However, the 100% 

GGBFS mixture (Mixture #3) did not have any cement hydration products to allow a 

pozzolanic reaction to occur. As previously states in the literature review, a change in 

ion concentration (OH and K) may cause these results when GGBFS is used (Shi, 

2005). 
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5.4.3 Freeze-Thaw Durability 

The freeze thaw durability of a concrete is directly related to a concretes strength and 

permeability. Concrete is porous by nature and will absorb water. How much water it 

absorbs will depend on the permeability as well as the other factors. The more 

permeable a concrete is the more easily water will penetrate into the concrete matrix. 

Regardless of permeability, concrete will almost undoubtedly contain at least small 

amounts of trapped water within the matrix. When temperatures within the concrete 

drop to levels that allow the entrapped water to freeze, expansive forces are created 

due to the ice crystal formation. These expansive forces are caused by the volume 

change between the liquid and solid phases. Much like water penetration, ice crystal 

formation follows a similar principle of least resistance. Air voids within the concrete 

will allow ice crystal formation and thus decrease the expansive forces. 

The use of concretes containing entrained air to help resist freezing and 

thawing cycles is well established. Due to the low air content of a normal concrete 

mixture (typically around I - 2%) air entraining admixtures (AEA) were developed to 

help trap and entrain more air during the mixing process. The end result is more air 

content within the hardened concrete matrix (typically 4 - 7 %). An in depth 

discussion on AEA is not within the scope of this research but the general idea has 

been established. Most areas where freezing and thawing cycles occur require the use 

of air AEA within the concrete. Although air content decreases a concretes strength, 

the substantial decrease in internal forces caused by air entrainment far exceeds any 

concern over the reduction in strength. However, this does not imply the strength is 

not important. Although air helps alleviate the internal stresses, it will not eliminate 

them and strength will also be an important factor. To put strength in perspective, it is 

estimated that a concrete with a w/c of 0.36 that has fully hydrated will not need any 

air entrainment at all to withstand freezing and thawing cycles (PCA, 2005). 
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To test the ability for these research concretes to undergo freezing and 

thawing cycles ASTM C 666 Procedure A was chosen as the test method. Figure 5.12 

shows freeze-thaw test specimens made from 100% GGBFS and 100% PC (mixtures 

#3 and #2) prior to testing. 

Figure 5.12 Freeze-Thaw Test Specimens, 100-RA-BF (Mixture #3) 

& 100-RA-C (Mixture #2), Respectively 

For this research, two freeze-thaw beam specimens were fabricated from each 

concrete mixture. The specimens were 3 inch x 4 inch rectangular prisms with a 

length of 16 inch (75 mm x 100 mm x 405 mm). A total of 14 beams were fully tested 

due to the re-batching of Mixture #2. Therefore, 4 beams total were tested for Mixture 

#2 and two beams for each other mixture. Although ASTM C 666 states that 
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specimens shall be tested at 14 days of age, this is not a realistic approach when 

dealing with concretes containing large amounts of supplementary cementitious 

materials due to the slower strength gains. Therefore, it was decided to wait until 28 

days of age before testing. The day testing began, the beams were removed from the 

water tank and weighed. After weighing the beams were tested for Static and 

Dynamic transverse frequencies. These frequencies were tested following ASTM C 

666 procedures. First the static frequency is taken and next the dynamic. The static is 

only taken for comparison purposes because both should be relatively the same. 

These frequencies are taken prior to any freeze-thaw cycling to establish a zero point. 

During the freezing and thawing the frequency will decrease as ice crystal formations 

within the concrete break apart the micro structure and hence, the frequency will 

deteriorate. How much these frequencies drop over the course of the testing will help 

establish a durability factor (DF). Once frequencies were tested and weights 

determined, the beams were transported to the freeze-thaw chamber. Each beam was 

placed in a separate container and filled with water such that the beam was 

completely submerged and testing commenced. 

Each week, the beams were removed from their molds during a thawing cycle 

and the static and dynamic frequencies were recorded. The weights of each specimen 

were taken immediately after removal from the water and recorded as well. After 

testing the beams are then placed back into the freeze-thaw chamber and testing 

continues. The duration of testing for these specimens was set at 300 cycles. The 

freeze-thaw chamber had multiple problems during this testing. The general number 

of cycles that occurred each day ranged from 4 to 8 cycles per day. The temperature 

difference during a complete cycle is roughly 40 °F. The low temperature achieved by 

the freeze-thaw chamber was 0 °F and the high was 40 °F ( -18 °C to 4 °C). Figures 

5.13 and 5.14 show the frequency testing apparatuses used. 
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Figure 5.13 Static Frequency Test Apparatus 

Figure 5.14 Dynamic Frequency Test Apparatus 
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The calculated dynamic frequency and the corresponding number of freeze

thaw cycles the specimens have been exposed to will be used to determine two 

parameters. The relative dynamic modulus of elasticity and the durability factor are 

calculated from these values. These two values are used to establish a relationship 

between the loss in frequency and the durability of a concrete. The relative dynamic 

modulus of elasticity (P c) is used to calculate the durability factor (DF). P c is a ratio 

of a concretes initial frequency before testing, to the frequency determined after a 

certain number of cycles (n). Every week specimens are removed from the freeze

thaw machine and after frequency testing, a new P c is determined. According to 

ASTM C 666 procedures, the testing should continue for at least 300 cycles of 

freezing and thawing or until the new P c has dropped to 60% of the initial P c· 

Equation 5.2 shows how Pc is calculated. 

Where: 

n 1 = fundamental transverse frequency after c cycles of freezing 

and thawing 

n =fundamental transverse frequency before testing (0 cycles) 

(5.2) 

The relative dynamic modulus of elasticity (Pc) has been calculated for all concrete 

specimens and is included in the following tables along with the static and dynamic 

frequencies (Table 5.8 through 5.14). As previously stated, the Pc is calculated from 

the dynamic frequency. The static frequency is shown for comparison purposes only. 

If a specimens Pc value dropped below 60%, the value is shaded in gray. 
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Table 5.8 Mixture #1, CC (Control), Transverse Frequencies & Pc Values 

Specimen A Specimen B 

Cycles STATIC DYNAMIC Pc STATIC DYNAMIC Pc 
(Hz) (Hz) (%) (Hz) (Hz) (%) 

0 1946 1934 100.0 1910 1934 100.0 

34 1870 1875 94.0 1906 1875 94.0 

56 1874 1895 96.0 1917 1914 98.0 

96 1915 1914 98.0 1950 1934 100.0 

I 12 1940 1914 98.0 1937 1914 98.0 

168 1921 1914 98.0 1921 1914 98.0 

224 1909 1914 98.0 1909 1914 98.0 

320 1897 1895 96.0 1915 1904 97.0 

Table 5.9 Mixture #2, 100-RA-C, Transverse Frequencies & Pc Values 

Specimen A Specimen B 

Cycles STATIC DYNAMIC Pc STATIC DYNAMIC Pc 
(Hz) (Hz) (%) (Hz) (Hz) (%) 

0 2106 2090 100.0 2122 2090 100.0 

28 2026 2031 94.5 2034 2031 94.5 

77 1855 1855 78.8 1943 1953 87.3 

127 1759 1738 69.2 1913 191 4 83 .9 

152 1687 1680 64.6 1835 1816 75.5 

177 1701 1660 63 .1 1933 1934 85.6 

202 1712 1680 64.6 1942 1934 85.6 

230 1600 1582 57.3 1873 1875 80.5 

258 1584 1543 54.5 1875 1875 80.5 

288 1519 1523 53.1 1860 1855 78.8 

314 1514 1504 51.8 1839 1855 78.8 
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Table 5.10 Mixture #2 (Re-Batch), 100-RA-C-2, Transverse Frequencies & Pc 

Values 

Specimen A Specimen B 

Cycles STATIC DYNAMIC Pc STATIC DYNAMIC Pc 

(Hz) (Hz) (%) (Hz) (Hz) (%) 

0 2031 2051 100.0 2043 2031 100.0 

25 2023 2031 98.1 1997 2012 98.1 

50 1968 1992 94.4 1864 1855 83.4 

75 2019 2012 96.2 1813 1797 78.3 

103 1888 1895 85.3 1421 1406 47.9 

131 1804 1816 78.4 1182 1133 31.1 

161 1565 1582 59.5 . 964 938 21.3 

187 1413 1406 47.0 804 781 14.8 

214 1257 1211 34.9 614 625 9.5 

Table 5.11 Mixture #3, 100-RA-BF, Transverse Frequencies & Pc Values 

Specimen A Specimen B 

Cycles STATIC DYNAMIC Pc STATIC DYNAMIC Pc 

(Hz) (Hz) (%) (Hz) (Hz) (%) 

0 1995 1973 100.0 1998 1953 100.0 

28 1915 1934 96.1 1880 1875 92.2 

77 1701 1699 74.2 1699 1699 75.7 

127 1751 1738 77.6 1725 1719 77.4 

152 1727 1718 75.9 1711 1699 75.7 

177 1762 1797 83 .0 1672 1660 72.2 

202 1774 1777 81.2 1648 1621 68.9 

230 1569 1563 62.7 1427 1426 53.3 

258 1573 1543 61.2 1484 1484 57.8 

288 1531 1523 59.6 1406 1406 51.8 

314 1570 1563 62.7 1458 1445 54.8 
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Table 5.12 Mixture #4, 25-RA-BF, Transverse Frequencies & Pc Values 

Specimen A Specimen B 

Cycles STATIC DYNAMIC Pc STATIC DYNAMIC Pc 

(Hz) (Hz) (%) (Hz) (Hz) (%) 

0 2051 2070 100.0 2127 2129 100.0 

49 1982 1992 92.6 2032 2031 91.0 

99 1973 1973 90.8 2034 2051 92.8 

124 1966 1973 90.8 2029 2031 91.0 

149 1987 1992 92.6 2045 2051 92.8 

174 2003 20 12 94.4 2070 2070 94.6 

199 1987 1973 90.8 2040 2031 91 .0 

227 1987 1992 92.6 2063 2051 92.8 

257 2007 1992 92.6 2065 2051 92.8 

283 2014 1992 92.6 2061 2031 91.0 

310 2014 2012 94.4 2087 2070 94.6 

Table 5.13 Mixture #5, 50-RA-BF, Transverse Frequencies & Pc Values 

Specimen A Specimen B 

Cycles STATIC DYNAMIC Pc STATIC DYNAMIC Pc 

(Hz) (Hz) (%) (Hz) (Hz) (%) 

0 2109 2109 100.0 2135 2129 100.0 

34 2082 2051 94.5 2093 2090 96.4 

56 2038 2051 94.5 2077 2070 94.6 

96 2113 2109 100.0 2139 2129 100.0 

112 2107 2090 98.2 2154 2148 I 01.8 

168 2090 2090 98.2 2129 2129 100.0 

224 2063 2090 98.2 2055 2129 100.0 

320 2067 2051 94.5 2093 2080 95.5 
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Table 5.14 Mixture #6, 75-RA-BF, Transverse Frequencies & Pc Values 

Specimen A Specimen B 

Cycles STATIC DYNAMIC Pc STATIC DYNAMIC Pc 

(Hz) (Hz) (%) (Hz) (Hz) (%) 

0 2020 2051 100.0 2048 2031 100.0 

49 1957 1953 90.7 1973 1973 94.3 

99 1936 1934 88.9 1922 1914 88.8 

124 1928 1934 88.9 1943 1914 88.8 

149 1906 1914 87.1 1914 1914 88.8 

174 1928 1914 87. I 1938 1934 90.6 

199 1893 1893 85.2 1912 1914 88.8 

227 1877 1875 83.6 1903 1895 87.0 

257 1873 1855 81.9 1905 1895 87.0 

283 1844 1836 80.1 1879 1875 85 .2 

310 1867 1855 81.9 1889 1895 87 .0 

The average Pc values for each concrete mixture have also been calculated. 

These values are useful when comparing separate mixtures. Most specimens from 

each individual mixture performed similar to each other and these averaged values are 

very representative of the actual mixture. For instance, three out of the four 

specimens from the 1 00-RA-C mixture (Mixture #2 and Mixture #2 (Re-Batch)) 

failed before the testing was complete. The averaged Pc values calculated from the 

averaged dynamic frequencies for both specimens (Specimen A and B) are included 

in the following tables (Tables 5.15 through 5.21 ). 
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Table 5.15 Mixture #1, CC (Control), Average Dynamic Frequencies & 

Corresponding Pc Values from Both Specimens 

Cycles 
Average DYNAMIC Average Pc 

(Hz) (%) 

0 1934 100.00 

34 1875 94.03 

56 1904 96.99 

96 1924 98.99 

11 2 1914 97.99 

168 1914 97.99 

224 1914 97.99 

320 1899 96.50 

Table 5.16 Mixture #2, 100-RA-C, Average Dynamic Frequencies & 

Corresponding P c Values from Both Specimens 

Cycles 
Average DYNAMIC Average Pc 

(Hz) (%) 

0 2090 100.00 

28 203 1 94.47 

77 1904 83 .03 

127 1826 76.36 

152 1748 69.97 

177 1797 73.93 

202 1807 74.73 

230 1729 68.41 

258 1709 66.87 

288 1689 65 .35 

314 1680 64.60 
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Table 5.17 Mixture #2 (Re-Batch), 100-RA-C, Average Dynamic Frequencies & 

Corresponding Pc Values for Both Specimens 

Cycles 
Average DYNAMIC Average Pc 

(Hz) (%) 

0 2041 100.00 

25 2021 98.10 

50 1924 88.85 

75 1904 87.05 

103 1650 65 .39 

131 1475 52.20 

161 1260 38.10 

187 1094 28.72 

214 918 20.23 

Table 5.18 Mixture #3, 100-RA-BF, Average Dynamic Frequencies & 

Corresponding Pc Values for Both Specimens 

Cycles 
Average DYNAMIC Average Pc 

(Hz) (%) 

0 1963 100.00 

28 1904 94.12 

77 1699 74.94 

127 1729 77.54 

152 1709 75.78 

177 1729 77.55 

202 1699 74.94 

230 1494 57.94 

258 1514 59.47 

288 1465 55.69 

314 1504 58.70 
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Table 5.19 Mixture #4, 25-RA-BF, Average Dynamic Frequencies & 

Corresponding P c Values for Both Specimens 

Cycles 
Average DYNAMIC Average Pc 

(Hz) (%) 

0 2100 100.00 

49 2012 91.80 

99 2012 91.80 

124 2002 90.91 

149 2021 92.70 

174 2041 94.50 

199 2002 90.91 

227 2021 92.70 

257 2021 92.70 

283 2012 91.80 

310 2041 94.50 

Table 5.20 Mixture #5, 50-RA-BF, Average Dynamic Frequencies & 

Corresponding P c Values for Both Specimens 

Cycles 
Average DYNAMIC AveragePc 

(Hz) (%) 

0 2119 100.00 

34 2070 95.44 

56 2061 94.55 

96 2119 100.00 

112 2119 100.00 

168 2109 99.08 

224 2109 99.08 

320 2065 95.00 
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Table 5.21 Mixture #6, 75-RA-BF, Average Dynamic Frequencies & 

Corresponding Pc Values for Both Specimens 

Cycles 
Average DYNAMIC Average Pc 

(Hz) (%) 

0 2041 100.00 

49 1963 92.49 

99 1924 88.85 

124 1924 88.85 

149 1914 87.95 

174 1924 88.85 

199 1904 86.98 

227 1885 85.28 

257 1875 84.39 

283 1855 82.64 

310 1875 84.39 

The durability factor (OF) is calculated using a ratio of number of cycles 

completed at the time of test termination (N), to the number of cycles when the test 

was to be terminated (M) . The number of cycles at test termination (N) is determined 

when the either the Pc value drops below 60%, or the number of cycles planned for 

the testing has been reached (M), whichever is less. For this research it was 

determined to test these specimens for 300 cycles minimum, and therefore M is equal 

to 300. This ratio is then multiplied by the P cat the time of test termination. Equation 

5.3 shows how OF is calculated. 

DF=(P *N)IM (5.3) 
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Where: 

P = relative dynamic modulus of elasticity at N cycles,(%) 

N = number of cycles at which Preaches the specified minimum 

value for discontinuing the test or the specified number of cycles at 

which the exposure is to be terminated, whichever is less 

M = specified number of cycles at which the exposure is to be 

terminated 

The durability factors (DF) for each specimen have been calculated and are included 

in Table 5.22. The averaged DF for each mixture from both specimens combined has 

been calculated and is shown in Table 5.23 .Those specimens that had DF fall below 

60 are shaded in gray. 

Table 5.22 Durability Factors (DF) for Each Specimen, All Mixtures 

Air Specimen A Specimen B 

Mixture Identification Content N p N p 
(%) (cycles) (%) 

DF 
(cycles) (%) 

DF 

I CC (Control) 10.0 320 96.0 102 320 97.0 103 

2 I 00-RA-C 4.0 230 57.3 44 314 78.8 83 

2 I 00-RA-C (Re-Batch) 5.2 161 59.5 32 103 47.9 16 

3 100-RA-BF 4.6 288 59.6 57 230 53.3 41 

4 25-RA-BF 6.4 310 94.4 98 310 94.6 98 

5 50-RA-BF 7.0 320 94.5 101 320 95.5 102 

6 75-RA-B F 7.5 310 81.9 85 310 87.0 90 
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Table 5.23 Average Durability Factors (DF) for Each Mixture 

Mixture Identification 
Air Content DF 

(%) 

I CC (Control) 10.0 103 

2 I 00-RA-C 4.0 64 

2 I 00-RA-C (Re-Batch) 5.2 24 

3 100-RA-BF 4.6 49 

4 25-RA-BF 6.4 98 

5 50-RA-BF 7.0 102 

6 75-RA-BF 7.5 88 

The mass of all specimens was taken at the time testing began and every week 

thereafter. Mass was taken immediately after removal (still saturated). The first 

measurement is taken as a datum for all other measurements to be compared with. 

The mass loss as a percentage of original was determined and plotted for all mixtures. 

This plot was developed from an average mass loss of both specimens combined 

(Specimen A and B). All specimens behaved very similar with regards to mass loss, 

therefore there is not any bias produced from averaging. Figure 5.15 shows the 

averaged mass loss for all mixtures. Most mixtures exhibited a mass gain during 

testing. This occurs due to the micro cracking caused within the concrete matrix. As 

cracking continues to increase over the course of testing, these cracks are then filled 

with water and the mass of the specimen slightly increases. 
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Figure 5.15 Average Mass Losses vs. Number of Cycles for All Mixtures 

The results show that the recycled materials content may have an effect on the 

durability of a concrete mixture. When observing these tables it can be seen that the 

recycled materials do not have an effect when used at replacement levels up to 50%. 

However, at replacement levels in excess of 50% the durability factors begin to drop. 

What can also be seen is the difference in durability with regards to air content. 

Mixtures # 1, 2, 4, 5 and 6 all had air content at or above the target air content of 

6.5%. All of these mixtures also had durability factors above 80. A concrete with a 
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DF of 60 or more is considered to be able to perform well in actual conditions where 

freezing and thawing occurs. This is an arbitrary opinion though as a DF above 60 is 

no guarantee that a concrete will behave well in actual freezing and thawing 

conditions (Mindess, 2003). Regardless, this method is proven and is a good means of 

comparing similar concretes. According to ACI 318-08, the required air content for 

these mixtures with NMAS of314 inch (19 mm) should be 6% and 5% for severe and 

moderate exposure climates respectively. The conditions within the freeze-thaw 

chamber are no doubt extreme. Secondly, ACI-318-02 also recommends that a 

concrete strength be 4500 psi (31 MPa) for extreme exposure climates. Only three out 

of the six mixtures achieved these strengths by the time testing began. 

Mixture # 1, CC (Control) performed well as expected. The air content for thi s 

mixture was much higher than other mixtures at 10%. As previously discussed, this 

air content was measured several times and the results were all similar. It was 

believed a mistake in dosage must have occurred during hatching. This extra air 

content would have certainly helped out the durability. The strength of this mixture 

even with 10% air content was 4300 psi (29.6 MPa) at 28-days. Although below 

guidelines, the strength was close to recommendations. There was a very small 

amount of pitting observed on both specimens on the surface. The general trend for 

this mixture was a mass gain during testing. The initial spike seen in the mass loss 

plot was probably caused by allowing the specimen to dry out before taking a 

reading. Concrete rapidly losses moisture when removed from water and if a 

measurement is not taken immediately, these discrepancies will occur. 

Mixture #2, 100-RA-C and 100-RA-C (Re-Batch), did not perform well 

during testing. With regards to Pc, these specimens deteriorated the most rapidly 

when compared with all other mixtures. Only one specimen out of four had a P c value 

above 60% by the end of testing. This specimen did show a similar trend of 

decreasing Pc and would have probably failed if a few more cycles were performed. 
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The average DF of 64 for 1 00-RA-C is deceiving because three out of four specimens 

had DF values below 50. The three specimens that did fail showed signs of 

deterioration early on during testing. Fractures running the length of the specimen 

were visible and grew in size as testing continued. The air content of both these 

mixtures was below 6.0% and the average strength at time of testing was 4375 psi 

(30.1 MPa). The strength was probably not the contributing factor as the control 

mixture (mixture #1) had similar strengths at 28-days. These mixtures could have 

been experiencing ASR expansion from the waste glass, and the freezing and thawing 

cycles may have exacerbated this mechanism. This may explain the aggressive mass 

gain exhibited by these specimens. The fractures within the concrete caused by 

deterioration may have allowed more water than usual to penetrate into areas that 

were formally occupied by paste. This concrete mixture would not be suitable for 

severe or moderate exposure climates. 

Mixture #3, 100-RA-BF, did not perform well and showed the most rapid 

mass loss of any other specimens. With regards to DF, both specimens had values 

below 60. The Pc values for these specimens dropped rapidly after only 28 cycles. 

Both specimens failed prior to test completion. Specimen A failed at 288 cycles while 

Specimen B failed much earlier after only 230 cycles. The mass loss observed for 

these specimens was the most alarming. After 28 cycles these specimens began to 

exhibit surface scaling. During the course of the testing this surface scaling quickly 

changed to spalling with larger aggregate loss. The comers deteriorated and aggregate 

began to dislodge from the specimens. By the end of the test these specimens showed 

an average mass loss of3.0%. The air content ofthese specimens was only 4.6%, and 

this would have contributed to the rapid deterioration. Secondly, the strength ofthis 

mixture was only 3836 psi (26.4 MPa) at 28-days. 

Mixture #4, 25-RA-BF, performed well during testing and had DF values 

above 90 for both specimens after 31 0 cycles. These specimens showed no 
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deterioration during testing and actually showed a general mass gain throughout. The 

air content of this mixture was 6.4% and was above guidelines. Combined with a 28-

day strength of 5600 psi (38 .6 MPa) these results are not surprising. 

Mixture #5, 50-RA-BF, performed very well during testing and had OF values 

of 95 after 320 cycles. These specimens showed small amounts of surface scaling 

after completion but this was a limited amount and generally occurred around the 

corners of the specimens. These specimens did not show any mass gain like most 

other specimens. The percentage of mass loss was very minor however and related to 

the surface scaling. The lack of mass gain is interesting because all specimens that 

performed well also showed this trend. This mixture gained all its strength by 28-days 

of age and this may be the cause. The mass gain observed with most specimens is 

believed to be associated with micro cracking within the matrix. Since the strength of 

this mixture was 1000 psi (6.9 MPa) greater than the second highest strength mixture 

at 28-days, and had an air content of 7.0%, these specimens may have been able to 

resist this much of this micro cracking. 

Mixture #6, 75-RA-BF, performed well during testing and had OF values of 

85 and 90 after 310 cycles. This mixture performed well even with a 75% 

replacement level with recycled materials. These specimens exhibited minor scaling 

over the course of testing and this was mostly limited to the bottoms of the 

specimens. This scaling became progressively worse as testing continued. These 

specimens showed a general mass gain similar to other mixtures. The air content of 

this mixture was 7.5% and the 28-day strength was 5150 psi (35.5 MPa) which are 

both above recommendations. 

A final interesting observation can be made when comparing the 25, 50 and 

75% recycled mixtures (mixtures 4, 5 and 6). These mixtures all had strengths greater 

than the control mixture at 28-days but had between 3.5% and 2.5% lower air 
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contents. Although the air contents of these mixtures were sure to have caused the 

decent results, the strength differences between these mixtures and control , combined 

with the lower DF results, raise questions as to the quality of strength produced by 

high content GGBFS mixtures. For instance, mixture #6 had a high air content (7 .5%) 

and strength in excess of the control, but the DF values were 13 to 18 points lower. 

Although the difference in results may have been caused by the difference in air 

contents, a secondary cause may be present. It has been postulated that the strength of 

GGBFS is more C2S controlled rather than C3S which correlates with later age, rather 

than early age strength gains. Whether the strength or structure of the cementitious 

paste formed by hydration of GGBFS is as durable as pure cement paste may be 

argued based on these results. 

5.4.4 Alkali-Silica Reactivity (ASR) 

Due to the concerns related to the use of waste glass as aggregate, several ASR tests 

were performed. As previously mentioned in the literature review, the use of waste 

glass in concrete is almost certain to cause ASR expansion. The extent of this 

expansion however depends on the aggregate size and gradation, as well as the color. 

Since mixed colored glass was used in these research concrete mixtures as well as 

GGBFS, it was decided to investigate whether or not ASR would pose a problem. To 

fully investigate this potential problem it was decided to investigate three different 

cementitious combinations. These mixtures were designed and hatched separately 

from the previous six design mixtures according to ASTM C 1567 procedures. 

One mixture would contain 100% waste glass as aggregate and 100% PC as 

cementitious materials. The next mixture would have 100% waste glass as aggregate 

with 50% GGBFS and PC as the cementitious materials. The third mixture would be 

composed of the same 100% waste glass as aggregate but contain 1 00% GG BFS as 
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cementitious materials. These three mixtures were designed to investigate whether the 

GGBFS would mitigate the ASR expansion and if so, help capture the replacement 

amount needed. Results would show whether 50% GGBFS is enough to mitigate the 

ASR and whether or not I 00% GGBFS causes an ASR expansion. Since GGBFS 

contains alkalis and is an alkali activated material , the potential for alkali-silica 

reactivity is probable. Although there may be potential for the RCA to cause ASR 

expansions this was not investigated because of the obvious problem associated with 

the crushed waste glass. The waste glass was fully washed prior to testing and graded 

to match the percentage mass requirements of ASTM C 1567 procedures. Table 5.5 

shows the three mixture proportions investigated. The only difference between these 

mixtures is the type and amount of cementitious material. 

Table 5.24 Mixture Proportions for Testing ASR Potential Based on ASTM C 

1567 Procedures. 

Mixture Identification 
Material 

1 2 3 

Cement (Type /-11) (grams) 440 220 0 

GGBFS (Grade 120) (grams) 0 220 440 

Waste Glass (retained on No. 8) (grams) 99 99 99 

Waste Glass (retained on No. 16) (grams) 247.5 247.5 247.5 

Waste Glass (retained on No. 30) (grams) 247.5 247.5 247.5 

Waste Glass (retained on No. 50) (grams) 247.5 247.5 247.5 

Waste Glass (retained on No. I 00) (grams) 148.5 148.5 148.5 

Water (grams) 207 207 207 

W/C (ratio) 0.47 0.47 0.47 
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To achieve these different mass proportions of waste glass, multiple gradations were 

performed. The gradations separated the glass into fractions retained on the various 

sieves. The waste glass was then washed thoroughly and placed in the oven overnight 

to dry. All fractions of waste glass were kept separated until the time of hatching 

when each material was weighed out and placed into a Hobart mixer for mixing. The 

mixing procedure followed ASTM C 205 procedures. The hatching of each mixture 

produces enough mortar to make three test specimens. These specimens are 1 inch 

(25 mm) rectangular prisms measuring 10 inch (255 mm) in length. After 24 hours, 

the specimens are stripped from the molds and an initial reading is taken on the 

lengths. Figures 5.16 and 5.17 show the preparation of test specimens, and the actual 

testing of a specimen, respectively. 

Figure 5.16 Preparing ASR Test Specimens, (100% GGBFS Mixture) 
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Figure 5.17 Measuring Length of an ASR Test Specimen 

Because mixture #3 was composed of 1 00% GGBFS as cementitious, it was 

decided to allow these specimens to cure for an additional 24 hours prior to testing. 

Therefore, mixture #3 cured for a total of 48 hours (as opposed to the ASTM 

recommended 24 hours). After initial curing is complete, the specimens are then 

placed in a water bath of 80.0 °C (176 °F) for 24 hours. A new zero reading is made 

after this 24 hours (total of 48 hours) and the specimens are then transported to a 

NaOH solution for the remainder of testing. This NaOH bath is also held at a constant 

80 °C (176 °F). Every three to four days, these specimens were measured 

longitudinally for a total of 14 days and the results of these tests are shown in Figures 

5 .18, 5.19 and 5.20. These graphs display the average (3 specimens) percentage of 

longitudinal expansion from the zero reading taken on the third day (first day of 
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testing, prior to submergence). According to ASTM C 1567, the potential for 

deleterious expansion is also displayed. If a specimen expands less than 0.1 0%, it is 

believed to be an acceptable mixture and will have a low risk of deleterious 

expansion. If a specimen expands more than 0.1 0%, the risk of deleterious expansion 

in the mixture exists. If a specimen expands more than 0.20%, there is a high risk of 

deleterious expansion in the mixture. 

Copies of the actual data log sheets are included in Appendix B. The 

preparation of the glass was performed at the University of Colorado Denver, 

Materials Testing and Research Laboratory, Room 1805. The hatching and testing of 

the specimens was performed at CTL Thompson located in Denver, Colorado. All 

testing of the specimens was performed by the CTL Thompson staff. 
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Figure 5.18 Mixture #1 (100% PC) 14-Day Test Results, ASTM C 1567 
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Figure 5.19 Mixture #2 (50% PC & GGBFS) 14-Day Expansions, ASTM C 1567 
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These results indicate that the waste glass aggregate used in the research 

concretes does have potential to react with the alkalis in the cementitious paste. 

Mixture #1 shows that the potential for ASR expansion is high, and this combination 

would not be a suitable choice. This mixture had an average expansion of 0.239% 

(high of0.399%, low of0.238%). The use of 100% PC with 100% waste glass as an 

aggregate would not be reasonable choice based on these results. 

Mixture #2 performed well. This combination with 50% GGBFS shows little 

risk of deleterious expansion. This mixture had an average expansion of only 0.022% 

(high of0.028%, low of0.018%). The use of 50% GGBFS as cementitious material is 

suitable based on these results. Whether or not a lower replacement level would have 

been sufficient in reducing the ASR expansion is unknown. It may be possible that 

replacement less than 50% could have achieved similar results. However, based on 

previous studies, replacement amounts in excess of 35% were required to decrease 

expansions below O.I 0% when reactive aggregates were used in similar tests 

(Detwiler, 2003). 

Mixture #3 also performed well. The use of I 00% GGBFS as cementitious 

proved to be an expectable combination with the waste glass. These results are almost 

identical to mixture #2 and show little risk of deleterious expansion. Although this 

mixture was cured for an additional 24 hours, the results are still valid. This mixture 

had an average expansion of0.022% (high of .030%, low of0.018%). The use of 

I 00% GGBFS as cementitious material in combination with waste glass is suitable 

based on these results. 

These results are interesting in that both mixtures #2 and #3 performed 

equally well. The results were essentially identical. The use of GGBFS at 

replacements beyond 50% would therefore appear to be useless, from an ASR 

mitigation standpoint. Since GGBFS is alkali activated, there actually may be two 
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mechanisms occurring in mixture #2 and #3 . There are studies on the use of alkalis 

(added to accelerate the hydration) in a GGBFS concrete, but how much of the 

concentration is used during hydration is unknown. According to ASTM C 989 and 

other studies, the use of GGBFS to mitigate ASR potential has been attributed to the 

dilution of the alkalis within the cementitious paste. This is similar to the use of other 

SCM's such as fly ash. However, the GGBFS may also be using the alkalis as well 

which would also reduce the concentration. What percentage of mitigation is 

achieved from either the GGBFS using the alkalis, or diluting the concentration is 

unknown. However, this test method does not limit the amount of alkalis and always 

has an abundance available for reactions to take place. 

The results of this test should be used with caution. This method tests for 

potential reactivity between aggregates and cementitious materials, and not actual 

expected field conditions. For instance, comparison of mixture #2 which was made 

from 50% GGBFS with the 50% recycled concrete cannot be made. The 50% 

recycled concrete had only 50% waste glass (not 100% waste glass) and RCA as 

coarse aggregate. However, this test method is well accepted and can be used to give 

a "worst case" scenario. The 50% recycled concrete, based on these results, would 

probably perform well because it only has 50% waste glass as fine aggregate but has 

50% GGBFS as cementitious. A decent comparison can be made with regards to the 

100% recycled concrete and mixture #3. Although the 100% recycled concrete had 

RCA as coarse aggregate, it also had 100% waste glass as fine aggregate. Based on 

these results, the 100% recycled concrete would not experience deleterious 

expansions caused by ASR. These results may also confirm previous beliefs that the 

performance of the 100% recycled aggregate concrete (mixture #2 and mixture #2 re

batch) may have been attributed to ASR expansion within the concrete 
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6. Conclusions and Recommendations 

This research study was designed to test the effects of recycled materials, in varying 

amounts, on the fresh and hardened properties of concrete. These tests were 

performed according to ASTM testing standards and when deviated from, notation 

was made. The purpose of this research was to determine whether these recycled 

materials would have negative or beneficial effects on a concrete. If these effects 

were detrimental , at what point they become detrimental was also of importance. The 

results were discussed in length in Chapter 5 of this report. The summarization of 

these results as well as recommendations for future studies is the basis of this chapter. 

6.1 Summary 

The results of this research showed that recycled materials can be incorporated into a 

concrete without detrimental effects. The author believes that the term "beneficial" 

should not be confused with "increase". When incorporating recycled materials into a 

concrete mixture the benefit is immediately achieved, provided no significant 

detrimental effects are realized from this incorporation. When replacing natural virgin 

aggregates with materials that would otherwise end up in a landfill, the benefit is 

obvious. The use of these recycled aggregates was never believed or anticipated to 

"increase' a concretes strength or durability, rather an investigation was made into 

whether these materials would significantly decrease these properties when compared 

to a normal concrete mixture. The same principle applies to the replacement of PC 

with GGBFS. Ultimately the "beneficial" use of recycled materials is realized when 

these recycled concrete mixtures achieve similar properties when compared with a 

normal concrete. The primary findings of this research are summarized in the 

following bullets: 
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• Replacement levels up to 50% with recycled materials were determined to be 

non-detrimental to a concrete mixture with regards to hardened properties. 

Replacement levels up to 50% recycled materials actually enhanced concretes 

properties. A replacement of 50% was determined to be an optimum 

replacement level. A reduction in quality began to manifest at 75% and was 

fully visible at 100% replacement. 

• Replacement of natural virgin aggregates with RCA and crushed waste glass 

puts a heavy burden on the workability of a concrete mixture. The extremely 

high absorption capacity of the RCA coupled with the harshness of the waste 

glass decreases concretes workability. The use ofHRWRA to achieve a 

workable mixture is essential when using recycled aggregates. Even a small 

amount of virgin natural aggregates (25%) will greatly improve workability 

and the effects of HR WRA. 

• The use ofwaste glass aggregates without the inclusion ofGGBFS has 

detrimental effects on the hardened properties of a concrete. This detrimental 

effect is believed to be caused by the ASR expansions determined to exist 

between mixtures with 100% PC as cementitious and waste glass. A mixture 

with 100% PC and waste glass as aggregate was shown to have very high 

expansions when tested for ASR potential. The use of 50% GGBFS as 

cementitious was found to mitigate these expansions to a negligible level. 

• The use of AEA was successful and was not believed to be affected by the use 

of recycled materials. However, increased mixing times with the use of 100% 

recycled materials will be detrimental on the air entrainment and must be 

considered. 
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• A replacement amount of 50% recycled materials was determined to be 

beneficial to a concrete mixture. A concrete composed of 50% recycled 

materials achieved significantly greater strengths than a control mixture. An 

ultimate strength of nearly 7000 psi ( 48.3 MPa) at 28-days of age was 

achieved. The permeability of this mixture was also much lower than the 

control concrete. The freeze-thaw durability of this concrete was substantial 

and not affected by the recycled materials. Based on hardened properties, this 

concrete would be suitable for any applications were the control concrete was 

specified, if not more due to the lower permeability and higher strength. 

• A replacement amount of 25% recycled materials was determined to be 

beneficial to a concrete mixture. A concrete composed of 25% recycled 

materials achieved slightly lower early age strengths and greater later age 

strengths than a control mixture. An ultimate strength of nearly 6700 psi ( 46.2 

MPa) at 90-days of age was achieved. The permeability and freeze-thaw 

durability of this concrete was equal to a control mixture. This concrete would 

be suitable for any applications the control mixture would be specified. 

• A replacement amount of 75% recycled materials was determined to be non

detrimental to a concrete mixture. A concrete composed of 75% recycled 

materials achieved slightly lower early age and later age strengths than a 

control mixture. An ultimate strength of nearly 6350 psi ( 43.8 MPa) was 

achieved at 90-days of age. The permeability of this concrete was significantly 

lower than the control mixture. The freeze-thaw durability of this mixture was 

only slightly lower than that of a control and was still considered satisfactory 

(DF above 80). This concrete would be suitable for use in many applications. 

The strength of this concrete is adequate for many uses, especially when 

combined with the very low permeability and adequate freeze-thaw durability. 
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• A replacement amount of I 00% recycled materials was determined to have 

detrimental effects on a concrete when compared with a control mixture. The 

compressive strength of a concrete composed of only GGBFS is significantly 

lower at all age groups. An ultimate strength of 4200 psi (29.0 MPa) was 

achieved at 90-days of age. The permeability of this concrete was significantly 

lower than the control mixture. The freeze-thaw durability of this concrete is 

very low. Although decreased qualities were observed with a replacement of 

100% recycled materials, this concrete would be suitable for certain 

applications. This concrete achieved a normal strength classification at 90-

days of age and if slow strength gain is not a concern, as well as climate, this 

concrete may be a suitable candidate. Coupled with the immense benefit of 

using a concrete composed of entirely recycled materials, there is most 

certainly many applications where this concrete could be used successfully. 

This research has shown that the use of recycled materials is beneficial to not 

only the environment, but also on the properties of a concrete. Although these 

recycled materials did have an effect on the fresh properties of a concrete, primarily 

workability, these obstacles could easily be overcome with effort and planning. 

Substantial amounts of recycled materials were used with no significant detrimental 

effects. This research has shown that a concrete does not need PC to develop strength. 

GGBFS is a viable alternative to PC and should be considered when selecting 

cementitious content. Since aggregates are by and large a filler material , the use in 

concrete should be considered. However, the use of recycled aggregates should be 

considered with caution. This research has shown that the use of recycled aggregates 

alone may pose problems without the use of GGBFS. Deleterious expansions caused 

by ASR between the waste glass and PC were shown to exist when no GGBFS was 
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used. These expansions were insignificant when replacements of 50% GGBFS were 

used. 

6.2 Recommendations for Future Studies 

The first hatching of this research involved two concrete mixtures which were 

composed of I 00% recycled aggregates. The extreme water demand that the RCA has 

on a concrete mixture was not fully realized at the time these mixtures were hatched, 

and re-batched. Two complete concrete mixtures were lost due to the workability and 

inadequate consolidation. Unfortunately the literature review was performed after 

much of the testing was performed and if this was performed prior to hatching, results 

may have been more favorable . The literature review on RCA and waste glass 

showed that these two aggregates put a heavy burden on a concrete, especially the 

RCA. Based on this research and experience, the RCA should be in an SSD condition 

at the time ofbatching. This was shown to have a great effect on the slumps of 

concretes made with RCA as aggregate. Even if the RCA is beyond saturated and 

moisture contents are taken accurately, this will definitely benefit the workability. 

When hatching mixtures with or without recycled materials, the method of 

splitting up the water (50/50) and including the HRWRA in one amount, with the 

AEA in the other should be considered. This method proved to be much more 

successful than adding the HR WRA directly in these mixtures and would 

undoubtedly work well with other mixtures as well. This procedure was defined as 

Procedure #2 in Chapters 4 and 5. 

The fines content of the RCA should be considered when designing mixtures. 

If possible, these fines should be removed from the aggregate prior to hatching. The 

literature review showed that these fines not only affect the workability but also have 
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an effect on concretes hardened properties as well. During sampling it was found that 

the fines could easily be removed by continually shoveling the aggregate pile which 

allowed the fines settle to the bottom. The small amount of RCA at the bottom with 

the fines could be discarded. However, if this approach is followed in the future the 

elimination of the fines must also be considered in the gradation analysis. The 

elimination of fines may also help with achieving an acceptable ASTM C 67 

aggregate, which was not achieved with this research due to the fines content. 

If crushed waste glass is used in a concrete mixture it should be washed prior 

to use. This was not performed for this research and the results may have improved 

significantly if this was done. The presence of sugars and other contaminant from the 

beverages and food sources that these containers once held can have detrimental 

effects on a concrete. The literature review showed that washing these aggregates 

prior to use has a dramatic impact on the hardened properties of a concrete. However, 

the increased cost of washing must also be considered when analyzing the use of this 

material as an aggregate. The waste glass cullet collected from the recycling plant did 

not meet the requirements of ASTM C 33. This could be overcome by grading the 

waste glass prior to use and should be considered. The added cost of grading the glass 

to meet ASTM criteria would need to be considered if this approach is taken. 

Future studies should investigate varying amounts of recycled aggregate on 

concretes with only PC. This will help determine at what percentage of replacement 

the recycled aggregates become detrimental. This research only investigated a 100% 

recycled aggregate with PC as the cementitious and the results showed a significant 

correlation between recycled aggregates and concrete quality. Although the 

detrimental effects were probably related primarily to ASR and waste glass, the 

effects on slump and other properties could be established and an optimum 

replacement amount could be found. Due to the strong influence PC has on the 

concrete industry, the use of recycled aggregates may be more acceptable and the 
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point at which these aggregates become detrimental , without the use of GGBFS, 

should be explored. The inclusion of powdered waste glass may also be beneficial. 

The literature review showed that the use of powdered glass significantly helped the 

ASR effects caused by the waste glass. 

Future studies should investigate concretes composed of 100% GGBFS and 

varying replacement amounts of recycled aggregate. A concrete made with 100% 

GGBFS and 100% natural aggregate may have proved to be very successful. An 

optimum replacement of recycled aggregates could be established with this research. 

The GGBFS used should be a Grade 120, as this was shown to be a highly reactive 

slag and produced strength alone without the use of PC. Investigations could also be 

performed on different Grades of GGBFS as well. However, at replacement levels of 

100% cementitious with GGBFS, the use of any Grade lower than 120 would 

probably result in decreased properties due to the lesser reactivity. 
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APPENDIX A 

CC (control) 
Concrete Mixture Design (1 00% Cement & 100% Normal Aggregate) 
Hatched on 3/27/20 10 

M ix Proportion (SS D) Material Pro ~ r1"i es 

Material Weight Volwne (cf) Volwne Check Unit Cost ($/ton) Amount($) Materia l S .G. A.C 
Cement 615.00 3. 13 0. 11 6 120 36.90 Cement 3 15 
Fly Ash 0 0.00 0.000 100 0.00 Fly Ash 2.67 
BFS 0 0.00 0.000 85 0.00 Micron) 2.53 
Micron 3 0 0.00 0.000 500 0.00 BFS 2.93 
Siltca Fume 0 0.00 0.000 500 0.00 Silica Fwne 2.20 
UCD Rock 1646.00 10. 11 0.374 18 14.8 1 Rock 2.61 0.80 
UC D Sand 1323.94 8.07 0.299 18 11.92 Sand 2.63 0.70 
Water 246.00 3.94 0. 146 0.6 0.07 
Air 0.065 1. 76 0.065 

27.00 1.00 
Total Cost = 63.70 

Mix C harac teris tics 
w/c I 0.40 I 
Unit Wei •ht (pet) I 141.9 I 
Cementrtious materia l (lb) I 615 I 

Suppl. Cementitious Mat. Percent (o/o) Weight (lb) 

f1v Ash reolacement % 0 0 
BFS replacement(%) 0 0 
Micron 3(%) 0 0 
Silica Fwne (%) 0.00 0.00 

Mois ture Conte nt 
UCD Sand pan 158.2 sand +pan wt. 889.7 
UC D Rock pan 11 3.4 rock + pan wt . 1349.9 

dry wt. sand 860.5 
dry wt. rock 1348.0 

UCD Sand me(%) 4.16 lmc-ssd I o.o34577673 
UCD Rock me(%) 0.15 lmc-ssd -0.00646 104 

Batch Weights (yd
3

) Testing S pecimens Required 

Cement 6 15 lb Cornpressive cylinders 15 0.87 

Fly Ash 0 lb RC I P cylinders I 6 0.35 

BFS 0 lb MOR I 0 0.00 

Micron) 0 lb Unit weight I I 0.25 

Silica Fwne 0 lb Penneruneter slabs 0 0.00 

UC D Rock 1635 lb Sah Ponding 0 0.00 

UC D Sand 1370 lb MOE 0 0.00 

Water 2 1 I lb Fff Beams 2 0.22 

AEA 1.5 floz. /cwt Split Cylinder 0 0.00 

HRWR 5 n oz../cwt Total 1.69 
X 1.)5 1.95 

Batch Weights (ft
3

) 

Batc h size 1.95 c f 

Cement 44.3 lb Fres h Properties 

Fly Ash 0.0 lb Slwnp 1.75 inch 

BFS 0.0 lb Empty Pot Vol 0.25 ft' 

Micron 3 0.0 lb Empry Pot Wt . 7.65 lb 

Silica Fume 0.0 lb Full Pot Wt. 41.35 lb 

UCD Rock 11 7.8 lb Unit Weight 134.80 lblfl' 
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100-RA-C 
Concrete Mixture Design (1 00% Cement & 100% Recycled Aggregate) 

Datchc d o n 11 / 13/20 10 

M ix Proportion (SS D ) Mate ria l Prope 11·ies 

Matcrul Wcoght Vultunc cl Volume Check Unit Cost $/ton ) Aml'Unl($ M:Jtcrul s (; J\C 

Cement 6 J5.m 3 13 0 . 11 1\ 120 36.90 Ceme nt 3 15 

Fly 1\sh (I 0.00 o.om I<Xl o.m Flv A!' h 2.67 

Ill'S 0 OlXl O.O<Xl R5 000 M ic n ll1 3 2 53 

Mw.::nm3 0 000 0 .000 500 000 llFS 2.93 

SiliCa Fwnc () 000 O.!XXI 51 XI O.!Xl S ilic :J Fwne 2.20 

Recycled Concre te 1646.00 10 77 0 .399 IX 14.RI Rccvclcd Cone . 2.45 4.58 

Waste Glass I 139 36 7 4 1 0 .274 IX 1025 Waste (i l:J ~s 2. 47 0 . 18 1 

Water 246lXJ 394 0.146 06 0 07 

J\11" 00{.5 I 76 0.065 

21.m I. (X) 

Tota l Cos t - 02.04 

M ix Chamcteris tics 
w/c 0.40 

U mt Wc 1cl'tt (pe l 135. 1 

C c mcnutnJ.s m;.s tcnal lh 6 15 

S uppl Ccmcntih )U.'i Mat. Pe rcent % Wci ~u lb) 

Flv A~h rcnlaccmcnt %) 0 0 

llFS rcplu.:c mc nt % 0 0 

M~~.;mn 3 (%) 0 0 

Sd~ea Fume % 0.00 om 

Moistur-e Conte nt 

\Vastc (ilass nan 100 7 FA. + rx,n w t 270.4 

Rccyck:d (\me nan 111.7 C 1\ + nan wt 1114.R 

~rywl F.J\ . [ 2627 
dry Wt C J\ . 1073.6 

\Vas tc ( ilass me % 4 75 mc-ssd 0 045720!l<i4 

Rccvclcd C <mc me (% 4 2R mc-ssd J -0002%!< 105 

Batch We ie hts (y.r') Testi~_g _ Specime ns R~~ired 

Cement 6 15 lh Compressive cylinders 15 0 N7 

Flv 1\sh 0 lb RC lP cylinders 6 0 35 

JlFS 0 lb MOR 0 O<Xl 

M~emn3 0 lb Unit we ight 1 025 

Sd~ea Fume () lb Pem-.earneter slabs 0 000 

Re cyc led Concrete 104 1 lh Sah Po nd in • 0 O(Xl 

Wa!<-tc Cilass 1191 lh MO E 0 0 !Xl 

\\'atcr 1')<) lh Fff Beams 2 () 22 

1\ J,J\ 1.5 fl<vJ cw t Spin Cylinder 0 (){)() 

JJR WR 273 ml To ta l I 69 

X I_ 15 

Batch Weights ( fl
3

) 

lkttch svc 1 95 cf 

Cement 443 lh Fn~s h Pmpc r1ies 

Fly 1\sh 00 lh S lump 0.00 n c h 

JlFS {)() lh Empty Plll Vol 0.249 n' 

M~~.:n'lf13 (){) lh Emntv Pnt W t 7.85 lh 

Silk.::.! Fume 00 lh Full Po t W l. 41.1 "' 
Recvck:d Crwx:rctc l l R 3 lh Umt We •hl 133 53 lhlft' 

\Va~lc Glass R5 X lh J\lfClllltc nt 4.0 '• 
\Vater 14.3 lh 

1\EJ\ 200 ml 

JJRWR 2 16.0 ml 
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RAC #2 
Concrete Mixture Design (1 00% Cement & 100% Recycled Aggregate) 
Datch ed on 12/4!20 1 0 

Mix Proportion (SSD) Materia l Proper'ties 

Matcna l Wc .,)lt Volurm: cf) V olumc Check Unit Cost $/ton /\ mount $ Mutcnal S.<i AC 
Cement t\ \5(X) 3. 13 (l.\ \ t\ 120 3t\Y(l Cement 3 . 15 

F Ash 0 o.m O.IXXI ! lXI om Fl Ash 2 67 

Ill'S () om 0.000 85 O.IXI MK:ron 3 2 .53 

Mw.:ron 3 0 o.m oom SIX\ om llFS 2.93 
S1lw.::a Fume 0 0 .00 OIXXJ 51Xl om Silica Fume 2.20 
lh:.:vck;d Cork.:n.:tc 1646 00 10.77 0 .399 18 \4.Rl Rcc ch.:J Com; 2.45 4 sx 
Wast~,; Glass \ 139.36 7.4 1 0 274 IK 1025 Wastc <iluss 2.47 O. IBI 

Wat..:r 240 ()() 3 .94 0 140 Oo 007 
A or O.IJt\5 I 7t\ O.Ot\5 

27 (KJ 1.00 
Total Cost - 0204 

Mix C har'ltctelistics 

w /c 0.40 
135. 1 

C cmcntllklU" matcnal ( lh 6 15 

Sur>nl Ccmcntllious Mat. Pcrc~.:nt % Wc.:il!ht lb 

Fly Ash n.:placcm..:nt % 0 0 

HFS n.:placcmcnt (%) 0 () 

MicnmJ(% ) 0 () 

SiliCa 1-'umc %) 0.00 O.IXI 

Moistur-e Conte nt 

Waste ( ilass f'X:l.O 111 .7 F.A + panwt 850.4 

lh:cvdcd Cone . n<Jn 113.5 C .A + mnwt 843.8 
dry WI F. A . 819. 1 

dry wt . C .A . 823 8 

Wa!-.tC G lass me (% 442 mc·ssd 0 .042436537 

RccyclcJ Cone me %) 2 82 lmc-ssd -0.0 17642XK3 

Testing Specimens Requil'ed 

Cement t\ 15 lb Con1pressive cylinders 15 () X7 

Flv Ash (I lb RC IP cyhnder.; I 035 

Ill'S () lh MOR I 0 <UX> 
M~en1fl3 () lb Unit weight I 0 25 

Sil~ea Fum~.: () lb Penneatnete r slabs 0 000 

l t\17 lb Sah Pond in ' 0 ()(Xl 

Waste (ilass Il K~ "' MOE 0 0 .00 

W<.~tcr 227 lb Ffr Beams 2 0 22 

1.5 ll oz. /cwt Spht Cylinder 0 O<Xl 

1\ RWR 23 f1 oz./cwt Total I ~4 

x 1 15 1 ~s 

Batch '\\'eights (fl) 

I 95 d 
Ccm~;nt 443 lb Fr"esh PI'Operiies 

1:1v Ash 0.0 lh S lump 0.50 lOCh 

Ill'S 0 .0 lh Emntv Pot Vol. 0 .249 tr' 
no lb I ~mntv Pot Wt. 7.85 lb 

S 1hca Fume 0.0 lb Full Pot Wt. 42.5 lb 

Rccyck.:d Concrch.: li t\ 5 lh Unn Weight 139 It\ IWH' 

W:Jst..: Glass K5 t\ lb A ir Cont~,;nt 5.2 % 

Wab,:r \t\.3 lb 

20.0 ml 
1\ RWR 31t\.O ml 
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100-RA-BF 
Concrete Mixture Design (100% GGBFS & 100% Recycled Aggregate) 
Balche d on 11 / 13/20 I 0 

Mix Propoo1ion (SSD) M ;1te tial P1-opet1ies 
Materia l Wcicll t Volume (cl Volume Check l Jnit Co~ t ($/ton Amo.mt $) Mah.: riul s (j 1\C 
Cement ()(X) ()()() 0 000 120 OIX> Cement 3. 15 
Flv 1\sh () 000 O.IXXJ If~) O.IXJ Fly 1\sh 2.67 
IJFS 6 15 J .J6 () 125 X5 26. 14 Micron 3 2 53 
Micr,m 3 0 (f) 0 [Xfl 5fXI II (X) llFS 2 .93 
SiJM.:a Fume 0 O.CXl 0 lXX! 51 XI ()('K) Silica Fume 2 20 
Kccyck::d Concrete 1646.00 10 77 () 39(} IX 14 XI Rc~,;vdcd Cone 2.45 4 58 
Waste Ci la~s 1103 22 7. 17 0266 IX 9 9) Wastc(ii<I!<.S 247 0 . 181 
\Va ter 24600 394 0 146 06 007 
/\or 0 .065 I 76 0065 

27 ()() I fXI 

l'(ltal Cost - 50 95 

Mix C hara cte ris tics 
wk L 0.40 
lln it Wcicllt (pc IJJ 7 
Ccmc ntitious material (lb) 6 15 

Sunpl C cmcntitiuus Mat Percent{% Wci(!.ht lh 
Fly Ash replacement % 0 0 
BFS rep~ cement ~/o) _ 100 6 15 
Micrr,n3(% 0 0 

0 .00 OfX! 

Mois ture Content 
Wal<otc (iLass pan 100.7 F 1\ . + pan wt 270.4 
Kccyclcd Cone _ p_an 111.7 Cl\ + panwt 1114.8 

illy WI F./\ 262.7 

doy WI C./\ 1073 6 

W aste ( ila~s m ~.: % 4 75 mc-~ sd 0 045720R64 
Recycled Cone me(%) J 4 28 lmc-ssd -fWJ296XI05 I 

Batc h W e ights (yo') Testing Specime ns R equi r-ed 
Ccm..:nt I) lh Compressive cylinders 15 0 X7 

0 lh RC IP cylaxlers 6 I) 35 

Ill' S 6 15 lb MOR 0 0 <XI 
Miaon 3 0 lh Unit weight I) 25 

Silk:a Fume 0 lh Penncameter slabs 0 000 
Recycled Cnncrctc 1641 lh Sak Pondnt• 0 ouo 
Wa~te Cila"~ 1154 lb MOE 0 Ot.IO 
\Vater 200 lh Ffr Beams I) 22 

i\l oA 1.5 fl O// cwt Split Cylioxlc r 0 000 

IIK\VK 56 fl O/J cwt Tota l I 69 
x I 15 I 95 

Batch WeiRhts (fi') 

I 95 cr 
Cement ()() lb Fres h Pmper1ics 
l·lv 1\sh ()() lh Sluml 0. 75 in..:h 

llFS 443 lh I ~mpty Pot Vol. 0.249 n' 
Micron 3 [)() lh l ~mpty Pot Wt. 7 .85 lb 
Sil i~.:a Fume 00 lb 1:u11 Po t Wt 42.9 lb 

Recycled Conc rete IIXJ lb llnit W ci• l'll 140.76 lh/ fl
1 

Wa$te Gla~s XJ I lb /\1r Content 4.6 % 
Water 14 4 lb 
1\Ei\ 20.0 ml 
IIKWK 740.0 ml 
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75-RA-BF 
Concrete Mixture Design (76°/o BFS , 76°/o Recycled Aggregate) 

BHfdwd o n 11 / 2Uf2U I U 

1\ li x 1-"n• 'Mortinn (SS I>) 

Mah.:rml Wc u.1.ht Volume (c l) V(tlunlc C l1cck 

CCIIIC ill 153 75 0 7K 0029 

Hy 1\-.h 0 0()0 00(')(1 

lli •S 461 25 2 52 0093 

Moen on 3 0 ()()() 00()() 

Sohcu Fun1c 0 000 0 fXXl 

I JCD R1-..:k 400.00 2.46 009 1 

R c..: c lcd c.m crc tc 1200.00 7 85 0 29 1 

IJCD Sund 3 15 .60 I 92 C) 07 1 

\Vu~tc (ilm.-. HH7 40 5. 77 () 2 14 

W~oll.::r 246 (X} 3 94 0 146 

"" 0 065 I 76 0 065 
27 ()() I ()() 

0.40 

I h ut Wo,:tght (pd) 135 7 

Ccntcotlll kotts 1nat cn~ol lh) 615 

S uonl Cconc ntttoo 11S Mat Percent (o/o Wc o ht lh) 

Fly 1\ ... h r c 1lou.:cntc nt (o/n) () (I 

1-\I ·S rc tluccmcnl o/n 75 461 25 

0 (I 

Sohca hunc (o/o) 000 ()()() 

1\'l nhl; tu n.': ( 'nntcnt~ Nurnutl Al!l! n! •M tcs 

t JC D Sand fl'lll Ill , 7 s and I p:.m wl 956.4 

lJCD R ock "XJn 113.6 ruck ' pml wt 

ldrv wl sand 
ili:Y_wt nx;k 

i'\1ol-.ture < 'untcnt. l.t ccyc lct.l A • ·~ •Mtc~ 

W;:1slc (ila'f.s X lll 103 0 I· A I X lll wt 

J{ccvo.:kd Conc l.:JJI 

I ICIJ l"\>ck 11\c ('Yo) 

Wnstc Clk1ss lllC ('Yo) 

Rccvdcd Con e Ill\.: 'Yo) 

Ccnlcnl 

1\FS 

l lCD R uck 

t iC I> Sand 

\ -Vu:.tc ( il.ass 

AFA 

III<WJ< 

Butch ,..v~,: 

CCil\C III 

l JC I> f{ ock 

Rccvclcd Cnn o.: rctc 

l lC I> Smlll 

AI;A 

III<WI< 

121.6 

1 .58 

0 .13 
4 .34 
2 .87 

154 

() 

46 1 

I) 

397 

li MO 

J IK 

924 
230 

L5 
27 

1.95 

II I 

00 

33 2 
00 

I) I) 

2M fl 

KS 0 

229 
666 
16 5 

200 
350.0 

C. A ' ) 111\ \.VI 

I<.Jrv w t 1· ./\ 

Urv \.VI CA 

lllC •MSd 

IHC•SSd 

lllC •!ISd 

ll"lC•SSd 

lh 

lb 

lh 

lh 

lh 

lh 

lb 

lh 

lh 

lb 

ll nl'./cwt 

ll ol'./cwt 

c f 

lh 

lh 

lh 

lh 

lh 

lh 

lh 

lh 

lh 

lh 

Ill I 
ml 

1481.9 

943 3 
1480. 1 

824.3 
1178.2 
79 4 .3 
1148. 7 

-00067 

() {)4 10 

-Cl 0171 

t Jmt Cost ($/I n n ) /\ m o unt ($) 

120 4 .23 

100 000 

HS 1960 

500 (){)() 

500 ()()() 

IN 360 

"' 6 .00 

IN 2 K4 

3 55 

0 .6 007 

I ntu l Cost 44 K9 

Testing Spc .. ·inliCn."' He( uired 

C'•nlpl·cssivc cyhndc1"S 

B.C II ' cybndl!I"S 
MOR 
l Jmt WClgll t 

P c nt1Cai11Ch...'1" s lahs 

Sub: P o nda1p, 

MOE 
F / 1" Bcmns 

S 1ht Cyhrxlc1· 

Frc" h l '"nlpcrtics 

S lu n111 3 .00 

Enl'lly l' n t Vu l 0 .249 

I ~•nntv J>nt Wt 7 .9 

FuiiPt>IWt 41.3 

l Jnrt Wc•p,ht 134 14 

1\U"C .. ntc nl 7 . 5 

173 

15 
6 
0 

0 
0 
0 

0 
T o lal 

X JJ5 

uu,: h 

n' 
lb 

lb 

lhln' .. 

M:.• t~.:na l 

Ccll\Cill 
Fly Ash 

M1cn•n J 
1\FS 
S1I1Cll Fun1c 
Rcoc k 

Rcc c lcd Cnn c 

Sand 
Wu-.:t..:(!Lass 

0 K7 

0 .35 

000 

025 
f)()() 

000 

0()0 

022 
0 CK) 

I 69 

I 95 

SCi 

J 15 
2 67 
2 .53 
2.93 
2 .20 
2 .61 
2 45 
2.63 
2 47 

O. RO 
4 .58 

0 .70 
0 18 



50-RA-BF 
Concrete Mixture Design (60% BFS , 60% Recycled Aggregate) 
llxtch .. ·d un 3127 / 20 1 0 

i'1 ix P'ru M)r1iun (SS I> ) 

Male na ! 

Ccn~ent 

Ftv 1\"h 
BFS 
/VI io.: rnn 3 

S d 10..:a F111nc 
l l(._'l) )( ('1\: k 

R eeve led c~.~m.:: rc tc 

l fC I> S;:md 
Wa:. tc (;la ..,.., 

W<tt c r 

A rr 

1\1 ix ( "hurnctcri."'tics 

\ v /c 

l lmt \ Vc li! 11 ( n c l 

Cc rnc nlllll)IIS 11\0tlc nal n") 

S unnl Ccn •c ntrlk>U!i Ma l 
Ftv Ash r c lLl.r c cJHc nt n/,, 
I u :s n.: .,l;u.::cn .cnt ' Yo 
M~ernn J <> ., 

W c ii!ht 
3 0 7 5 0 

() 

3 0 7 5 
0 
() 

80000 
800.00 
ft.19 IK 
{,()X 46 

24600 
0005 

VoiLunc d 
1. 56 
000 
I 6K 
0 .0 0 
0 00 
4 .91 

523 
3 96 
3 96 
3 94 
1 7 0 

27 00 

040 
137 7 
615 

P c n ;c n t •y,, 
0 

50 
0 

o.oo 

MuistuR! ( "unt cnt, Nunnul A • '"" •utcs 

I lC D Su nc.l n.1111 15 K 2 sand +o·m wt 

l iC I) R n,; k mn 113.4 n x.:k + p.an WI 

drv \VI. s and 
d rv wt n x:k 

l\1nist·ure ( 'tlntcnl., lt cl..'Vc lcd A • •re •utcl'ol 

Wu~h: <iLa :-.s l.lut 111. 9 sand + P< n wt. 

R co.;vk;c d Cnn ..:; 'Ia II 121.5 n-.c k + lrallWI 

ldrywt s and 

l<lJv WI n JC k 

liCI> S u ud m o.: 'h· 4 . 16 111..:;-ssd 

lJ(' I> K o o.;k m e ·~ .. 0 . 1 5 lllC-SSd 

Wa l> IC Gh1ss lllO.: ...... 3 . 26 ntc-ssd 
R eev e led Con ,.; II W.: 'V.o 2 . 96 IIIC-ss d 

Bntch '\.V ... ·i •hb (v d -') 

Ccn ~e nt JOH "' Ftv A s h () "' IU:S JOX lh 
M~c.:ron 3 0 lb 
StJ ~c.; a FUJIIC (I lh 
t IC I ) R nck 7')5 lb 

R c..:yc lcd Co.ln c t·c tc 7K7 lh 

l fC D SUikl t.72 lh 
Wa l> IC ( i l.ii Sl> fo27 lb 
\-Vutc r 223 lb 

A I ·:A 1.5 ll u/_Jc wt 

IIRWR 5 11 tV..I..:wt 

Batch Wei •hts ( ft'-') 

Batc h svc I 95 ._; f 

Cc n w.: nt 22.2 lb 

Ftv A-;h () () lh 

1\FS 222 lb 

M ...:: n •n J 0 0 lh 

Sd~e~t l 'mnc ()() lh 

t •C I> R•x:k 57.3 lh 

Rcl: \ c k:d Cun..:r c lc 507 lh 
L IC' D Sn nd 4K 4 lb 
\-Vuslc ( Jias-. 4 5 2 "' Wntc t· l o I lh 
A I ·. A 20.0 nll 
IIRWI{ 60.0 nil 

Vnhunc C heck 

005 N 
()()(){) 

0 062 
0000 
O(X)() 

0 IK2 
0 194 
() 147 

0 147 

0 146 
0 065 
100 

W c w.h t lh 
() 

307.5 
() 

() ()() 

KH9.7 

1349.9 
K60 5 
1348.0 

727.3 
1325.8 
707.9 
12912 

() 0346 
-0 .0005 

() 0 307 
-00102 

lJmt Cos t $/tun 1\ IJ I()Ilfl( $) 

120 IK 45 
100 000 
K5 13 07 

500 ()()() 

500 0 .0 0 

IK 7 20 
10 400 
IK 5 K4 

2 4 3 

"" 0 .0 7 

T o tal C o s t 5 1 0 7 

·reM tin • Specin liCrL"' 1-tcc ui.red 

C cunp•-css1vc c vlnKicrs 

R C I P cyluxlct·:... 

MOl~ 

l h ut wo.:•ght 

P c nrca n ll!tcr s luhs 

MOl ~ 

F / 1' Bcnms 
s >li t Cyhl'kiCI' 

Fres h l"n• lt!rticl'ol 

Shu11 1 0.50 

l ' nl11V J>ot Vl>l 0 .25 

l ~m 1ty l' \•l WI 7.6 

Ftt111 •o1 WI 42.8 

U ml \Vc 1ght 140 KO 

A tr C •lnto.:nt 7.0 

174 

15 

6 
0 

0 
0 

0 
2 
0 

· l 'ntal 

X 1. 15 

Q\O.: h 

n' ,, ,, 
A-../ fl 1 .. 

Mu to.: t·ud 

C c n1c nt 
Ftv Ash 
Mtero n 3 

l lFS 
S1bca Ftunc 
Roc k 
Rccvck:d Cone 

Sand 
Wa s to.: (ila ""' 

--
O K? 

035 
()()() 

() 25 
0 00 

000 

()()() 

0 .22 
()()() 

I t>9 

I 9'l 

so 
3 . 15 
2.67 
2 .53 
2 93 
2 .20 
2 .61 
2.4 5 
2.63 
2.47 

AC 

OKO 
4 58 
0 .70 
O. IH 



25-RA-BF 
Concrete Mixture Design (26% BFS , 26% Recycled Aggregate) 

Hutch ~o.• d nn I 112U/2 U I U 

J\1 ix l_.n,po rtion (SS I)) 

Mutcnnl Wc1ght Voh llllC c l 

Ccn1cnt 461 25 2 . 35 

1· 1'\o /\..,h () 000 

IJI ·S 153 75 () 84 

MK:rnnJ 000 

S 1hcu Funle 0 0 .00 

tJCIJ lh>ek 120000 7 37 

Rccvclc .. l C'>IH:rct c 40000 2 62 

I JCilS:...nd JCXXI 75 610 

\Vastc (jl.u.,.s 312 65 2 03 

\V~1tcr 246 ()() 3 94 

"" 0065 I 76 

27 00 

.. v / o;. 0.40 
l hut Wc~ht (pel) 139 8 
Ccnlcnltlt<lUS n1atcra:al lh 615 

Suppl Ccnu . .:nttlKlUS M:•t 

Hy Ash ro..:nluccrncnt (~ .. ) 0 
HFS rc llaccmcnt o/., 25 

Macron J '"~ ) 0 
0 .00 

11\·1 o is l urc ( 'nnt4! nt. Nonn.nl AJ!;J! f'C •n tc" 

l JCDS;.tnd "lUll 111 .7 sund lnun "vt 

t JC I) l{nck pan I 13 6 rt-.ck t _po.m wt 

dry "'Ill sand 

dr-y w1 rock 

1\'l ui."' IUn: ( ' ontcnl. ltccy cled J\ • •n:: •;t i CM 

\VH-.te <ilus>< "».Ill 103. 0 FA I 

l~ccyclcd Cone p:.Hl 121.6 (.; _A )an wt 

dry"""' F A . 

lo.-v WI CA . 

l JCI>Sunc.lmc (o/.,) 1.58 Ol<:-!<Sd 

l lCIJ l{t-.ck me ( 0/o) 0.13 rnc-ssd 

4 .34 n1c-ssd 

Rccydcd Cnnc. rnc (o/o) 2.87 rnc-ssd 

Bu lc h \ .Vci •his (yc r') 

Ccntcnt 461 lh 

lh 

154 lh 

0 lh 

Srhcu I untc () lh 

l lCI) ){nck 11 92 lh 

Rccydcd Concrete 393 lh 

l iCIJ S~tnd 1010 lh 

Waste <Hu:oo:oo 326 lh 

239 lh 

A I ;_ A 1.5 n o ... /cwt 

III<WR 27 11 tv / cwt 

1\utch sv.c 1.95 cf 

Ccrt tent 33 2 lh 

Fly Ash 00 lh 

II I lh 

Mu.:ronJ 00 lh 

S tl ~e ; t l · urnc ()() lh 

IJCD ltrock 85 9 lh 

Rec yck:c.l Ct)tu.:re tc 2K J lh 

l JC I1 Su n d 727 lh 

Wush.: Ula'is 23 5 lh 

Wutcr 17 2 lh 

AI '.A 20.0 1111 

IIRWR 3500 ml 

Vnlunlc C hec k lJiutCost $/t o n 1\ lllUllll\ $ 

OOK7 120 27 6H 

0000 100 0 CXJ 

I) OJI 85 6 53 

ouoo 500 000 

Ot)(X) 500 000 

0 273 IX 10 KO 

0 097 10 2 {I() 

0 226 1M 901 

0 .075 I 25 

0 146 06 0 07 

0065 
I fXI 

ltll::JJC(>,.,.I 57 34 

Wc 1 ht lh 

153 75 

0 
OtXJ 

956.4 

148 1.9 

943 3 
1480. 1 

K24 .3 
11782 

794.3 
1148. 7 

0 fi08M 

-00007 
() 04 16 

-0 0 171 

TcMtin • S -,cci nlCI'l."' lt c Qui n:: d 

R C IP cvlilxlca·s 

MOR 
l lntt WCI~,ht 

l ,enn .. :;tn-..:h.:r s lahs 

Salt Pn rx:hn~ 

MO l ·: 

Ffl llcunt" 

S 1ltt Cylntdcr 

FrcM h 1•rooc rticM 

Slump K.25 

l ~n >ty l' ot Vnl 0249 

l ' nl 11Y 1'•>1 Wt 7 .85 

l· ull 1'1>1 Wt 42.35 

lJmt Wct• h t IJH 55 

A tt• Content 6.4 

175 

15 

6 
0 

0 
0 
0 
2 
0 

Tot;_t\ 

x I 15 

tnc h 

n' 
lh 

lh 

!hill' .. 

Matcrml 

Ccn1ent 

l ·lv 1\:-h 

Mrcrun 3 

1\FS 
St l ~ea l · urne 

l{ock 
R ecyc led Ctmc 

Sund 

Waste (lluss 

I) J5 

000 

1125 

OliO 

000 

0 22 
()()() 

I 09 

I 95 

s (i 

3 IS 
2 .67 

2.53 
2 93 
220 
2.61 

2.45 
2 63 
2 47 

1\C 

O. t-10 
4 58 
() 70 

0 . 18 
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Recycled Concrete Coarse Aggregate (RCA) Gradation #1 (2/12/10) 

~ ...... C1) ...... Of) 
...... ...s:: c: 
...s:: 0. 

-~ 
0. C1) c: 

C1) C1) Of) E ...... E~ E ...... ...... -o 2-o Vl 

.!::! N C1) Vl 

(/) (/) 
C1) c:<:l...s:: 

~ 
~::s..D «:l ..c: c: C1) C1) C1) C<:l 

~ 
(/) Of) >= c:<:l C/J .~o C1) c: 0... .:: 0... r ·= ~ (.) ·-C1) C1) o<l . Q) C1) C1) .... c:<:l --=,S ...... 

> > C1) 
Cl)~ 

(/) >:: 0 
E~ 

C1) ...... E C1) 
c: 

C1) C1) > 0. ~~ ~ 0...~ C1) 

(/) (/) C1) > E E E~ (.) .... 
(/) - ~ c:<:l ::::l ::::l C1) 

(/) (/) u u 0... 

(Std) (mm) (grams) (grams) (grams) (grams) (grams) (%) (%) (%) 

1-1 /2" 37.5 553.0 553.0 0.00 2700 0.00 0.00 0.00 100 

I II 25 550.6 550.6 0.00 1800 0.00 0.00 0.00 100 

3/4" 19 557.0 603 .2 46.20 1400 46.20 2.30 2.30 98 

1/2" 12.5 544.5 1336.6 792.10 890 838.30 39.48 41.78 58 

3/8" 9.5 547.0 951.1 404. 10 670 1242.4 20. 14 61.92 38 

No.4 4.75 507.8 932.6 424.80 330 1667.20 21.17 83.09 17 

No.8 2.36 493.4 638.3 144.90 200 1812.10 7.22 90.31 10 

No. 16 1.18 424.2 489.4 65.20 200 1877.30 3.25 93.56 6 

Pan 0 367.1 495.0 127.90 - 2005.20 6.37 99.94 0 

Origi nal Weight Wo = 2006.5 grams 

Fi nal Weight Wf = 2005 .2 grams 

Percent Loss %Loss= 0.06 % 

Maximum 
Mas = 1.00 inch 

Agg. Size 

Nom. Max. Agg. Size 
NMAS 

3/4 inch 
= 
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Recycled Concrete Coarse Aggregate (RCA) Gradation #2 (2/12/10) 

~ ...... ~ 
...... OJ) 

...... ..c c 
0. 0. Q) c 

..c .~ ·-Q) Q) OJ) E ..... E~ E ..... ....... -o ~"0 Vl 
N N Q) Vl 

VJ If) 
Q) C1:l '"" ~ 

~:::l.I:l C1:l..c c Q) Q) Q) C1:l 

~ 
VJ"@) E C1:l (/)OJ) Q) c 0... c 0... 

Q) Q) 06 "Qj E--< · - ~ .....: "Qj u ·- . ·~ 
Q) ..... C1:l ...... 

> > Q) Vl X 0 
E~ 

Q) ...... 

~~ 
c 

Q) Q) > Q)~ 0. <t:<ll- 0...~ Q) 

If) If) Q) > E ~~ E u ..... 
VJ . ~ C1:l :::l :::l Q) 

If) If) u u 0... 

(Std) (mm) (grams) (grams) (grams) (grams) (gram!>) (%) (%) (%) 

1-1 /2" 37.5 553 553 0.00 2700 0.00 0.00 0.00 100 

I" 25 550.6 550.6 0.00 1800 0.00 0.00 0.00 100 

3/4" 19 557.1 572 14.90 1400 14.90 0.63 0.63 99 

1/2" 12.5 544.6 13 21.9 777.30 890 792.20 32.98 33.61 66 

3/8" 9.5 547 1118.3 571.30 670 1363 .50 24.24 57 .85 42 

No.4 4.75 507.9 1104.2 596.30 330 1959.80 25.30 83.14 17 

No.8 2.36 493.4 699 205.60 200 2165.40 8.72 91.87 8 

No. 16 1.18 424.2 511.2 87.00 200 2252.40 3.69 95.56 4 

Pan 0 367.1 470.5 I 03.40 - 2355.80 4.39 99.94 0 

Original Weight Wo = 2357.1 grams 

Final Weight Wf = 2355.8 grams 

Percent Loss %Loss= 0.06 % 

Maximum Agg. Size MAS = 1.00 inch 

Nom. Max. Agg. Size NMAS = 3/4 inch 
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Recycled Concrete Coarse Aggregate (RCA) Gradation #3 (2/17/10) 

~ ..... ~ "'0 ..... OCJ ..... ...c Q) c 
...c 0.. OCJ 0.. c Q) c 

Q) Q) OCJ E ..... E~ .... ·- ~"'0 <f) 

N N Q) c ..... o:l <f) 

Q) o:l ...C 
~ ::E ::I.D «i ...c ..... Q) Q) c<i 

[./) [./) 

~ (/) OCJ E o:l [./).~ 
Q) 0-. c 0.... 0::: 

Q) Q) Q(3 • Q) Q) E- ·- ~ Q) __; ",§ ..... 
> > Q) [./) >< 0 

E~ 
..... c 

Q) Q) > Q)~ 0.. -<eli = ~ 
~ Q) Q) 

-~ > E ::E<t:: .... §0::: (.) 
[./) [./) c (.) I.. 

[./) 
Q) o:l ::I ~ ::I Q) 

[./) (/) u 0.... u 0.. 

(Std) (mm) (grams) (grams) (grams) (grams) (grams) (%) (%) (%) 

1-1 /2" 37.5 553.0 553.0 0.00 2700 0.00 0.00 0.00 100 

] " 25 550.6 550.6 0.00 1800 0.00 0.00 0.00 100 

3/4" 19 557.2 581.3 24. 10 1400 24. 10 1.25 1.25 99 

1/2" 12.5 544.6 1339.5 794.90 890 819.00 41.30 42.56 57 

3/8" 9.5 547.1 962.0 414.90 670 1233.90 2 1.56 64.12 36 

No.4 4.75 508.0 947.4 439.40 330 1673.30 22.83 86.95 13 

No.8 2.36 493.3 614.8 121.50 200 1794.80 6.31 93.26 7 

No. 16 1.18 424.1 479.6 55.50 200 1850.30 2.88 96.14 4 

Pan 0 367.1 440.9 73.80 - 1924.10 3.83 99.98 0 

Original Weight Wo = 1924.5 grams 

Fi nal Weight Wf = 1924. 1 grams 

Percent Loss % Loss= 0.02 % 

Maximum Agg. Size Mas = 1.00 inch 

Nom. Max. Agg. Size NMAS = 3/4 inch 
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Recycled Concrete Unit Weight Test #1 (3/5/10) 

Compact Unit Weight: 

Wt. of Measure M = 7.60 lb 3448.40 grams 

Wt. of M and Compact Sample Msc = 29.36 lb 133 15.50 grams 

Wt. of Wet Compact Sample Sew = 2 1.75 lb 9867. 10 grams 

Wt. of Dry Compact Sample Sed = 2 1.25 lb 9640.77 grams 

Loose Unit 
Weight: 

Wt. of Measure M = 7.60 lb 3448.40 grams 

Wt. of M and Loose Sample MSI = 27.26 lb 12365 .50 grams 

Wt. of Wet Loose Sample Slw = 19.66 lb 891 7.10 grams 

Wt. of Dry Loose Sample Sid = 19.2 1 lb 871 2.56 grams 

Moisture 
Content: 

Wt. of Beaker B = 5 15.8 grams 

Wt. of Beaker and Wet Sample Bsw = 742.5 grams 

Wt. of Beaker and Dry Sample BSd = 737.3 grams 

Wt. of Wet Sample Sw = 226.7 grams 

Wt. of Dry Sample Sd = 22 1.5 grams 

Data Results: 

Moisture Content MC = 2.35 % 

Dry Compact Uni t Weight DRUW = 85.02 1b/ft3 

Dry Loose Unit Weight DLUW = 76.83 1b/ft3 
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Recycled Concrete Aggregate (RCA) Specific Gravity Test #1 (2/19/10) 

Weight of Beaker, Be 602.40 grams 

Weight of Beaker & Sample, Be (s) 996.50 grams 

Weight of Sample, S I 394.10 grams 

Weight of Beaker, Sample, & Water, Be (sw) 1309.60 grams 

Weight of Beaker & Water, Be (w) 1077.70 grams 

Results: 

Volume of Solids 2.6 ft3 

Density of Sample 151 .6 Ib/fe 

Spec ific Gravity, SG 2.43 

Absorption Capacity of Recycled Concrete Aggregate (RCA) Test #1 (2/19/10) 

Weight of Bowl, Bo 171.40 grams 

Weight of Bowl & SSD Sample, Bo (ssd) 1323.00 grams 

Weight of Bowl & OD Sample, Bo (od) 1271.40 grams 

Weight of SSD Sample, SSD wt 1151.60 grams 

Weight ofOD Sample, OD wt 1100.00 grams 

Results : 

Absorption 
4.69 % 

Capaci ty 
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Recycled Concrete Specific Gravity Test #2 (3/11/10) 

Weight of Beaker, Be 465.10 grams 

Weight of Beaker & Sample, Be (s) 947.10 grams 

Weight of Sample, S I 482.00 grams 

Weight of Beaker, Sample, & Water, Be (sw) 1740.00 grams 

Weight of Beaker & Water, Be (w) 1453.60 grams 

Resu lts: 

Volume of So lids 3.1 fe 
Density of Sample 153.8 lb/ft3 

Specific Gravity, SG 2.46 

Absorption Capacity of Recycled Concrete Test #2 (3/11/10) 

Weight of Bowl, Bo 182.00 grams 

Weight of Bowl & SSD Sample, Bo (ssd) 542.10 grams 

Weight of Bowl & 00 Sample, Bo (od) 526.70 grams 

Weight of SSD Sample, SSD wt 360.10 grams 

Weight ofOD Sample, 00 wt 344.70 grams 

Results: 

Absorption Capacity 4.47 % 
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Waste Glass Aggregate Gradation #1 (2/19/10) 

Q) ....... Q) ....... oo 
....... ...c t: t: ...c 0. 

- ~ 
0. Q) 

Q) Q) 

-~ E ....... E ~ § ....... ....... -o 2-o Vl 
N N Q) Vl 

Q) ell ,..c 
~ 

::;E ::! .O t: Q) Q) Q) ell 
r:/) VJ 

~ VJ 00 ~ ell VJ§ Q) t: 0.. . :: 0.. 
Q) Q) o(:l "Q) r- ·= ~ .....: "Q) (.) ·- --= 19 ~ 

.... C<:l ....... 
> > Q) 

Q)~ 
r:/) ~ 0 

E~ 
Q) .... E Q) 

t: 

- ~ Q) > 0. <t:~ ~ 0.. ~ Q) 

VJ r:/) Q) > E E EO:: (.) .... 
r:/) 

Q) C<:l ::I ::I Q) 

r:/) r:/) u u 0.. 

(Std) (mm) (grams) (grams) (grams) (grams) (grams) (%) (%) (%) 

3/8" 9.5 547.0 55 1.0 4.00 670 4.00 0.24 0.24 100 

4 4.75 508.2 53 1.0 22.80 330 26.80 1.39 1.63 98 

8 2.36 493.4 582.3 88.90 200 11 5.70 5.41 7.04 93 

16 1.18 424.2 946.5 522.30 200 63 8.00 31.78 38.82 61 

30 0.6 390.6 95 8.3 567.70 200 1205.70 34.55 73.37 27 

50 0.3 370.8 642.8 272.00 200 1477.70 16.55 89.92 10 

100 0.15 347.1 453.9 106.80 200 1584.50 6.50 96.42 4 

Pan 0 367. 1 425 .1 58.00 - 1642.50 3.53 99.95 0 

Origi na l Weight Wo = 1643.30 grams 

Fi na l We ight Wf = 1642.50 grams 

Percent Loss % Loss= 0.05 % 

Fineness Modulus FM = 4.07 ln . 

185 



Waste Glass Aggregate Gradation #2 (2/19/10) 

~ .... ~ .... OJ) 

:c -= t: t: 0.. 
. ~ 

0.. ~ 
~ ~ OJ) E ....- E ~ E ....- ....,-o 2-o {/) 

.~ . ~ ~ {/) .Q) 
Cl:l,..C :3: ~::l.D <l:l ...c t: ~ ~ ~ <13 

(/) (/) 

:3: (/) OJ) E <13 (/)OJ) ~ t: 0.. t: 0.. 
~ ~ <>(! . Q) r ·- 3: .....: . Q) (.) ·- .....: ·.s ~ 

1... <13 .... 
> > ~ 

(/) ~ 0 
E:3; ~ ..... ::::: 

~ ~ > ~:s: 0.. <C:CI:l - 0..~ E ~ ~ 

(/) (/) .~ > E ~~ E Ec:t: (.) 
..... 

(/) ~ <13 ::l ::l ~ 

(/) (/) u u 0.. 

(Std) (mm) (grams) (grams) (grams) (grams) (grams) (%) (%) (%) 

3/8" 9.5 547. 1 549.7 2.60 670 2.60 0.16 0.16 100 

4 4.75 508.1 523.0 14.90 330 17.50 0.94 1.11 99 

8 2.36 493 .5 583.9 90.40 200 107.90 5.72 6.82 93 

16 1.18 424.2 934.6 510.40 200 618.30 32.27 39.09 61 

30 0.6 390.5 938.7 548.20 200 1166.50 34.66 73.75 26 

50 0.3 370.7 627.5 256.80 200 1423.30 16.23 89.98 10 

100 0.15 346.8 444.7 97.90 200 152 1.20 6.19 96.17 4 

Pan 0 367.1 427.6 60.50 - 1581.70 3.82 99.99 0 

Origina l Weight Wo = 1581.80 grams 

Final Weight Wf = 1581.70 grams 

Percent Loss %Loss = 0.01 % 

Fineness Modulus FM = 4.07 tn . 
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Waste Glass Aggregate Gradation #3 (2/19/10) 

il.) ..... il.) -o ..... 01) ..... ...c il.) t: t: ...c 0.. 01) 0.. t: il.) 
il.) il.) 01) E ...., E~ E ...., -~ 2-o "' N .!:::! il.) "' ·v Cl:l,..c ~::l.D Cl:l...t: ..... il.) il.) 

C/) C/) ~ il.) (1:1 

~ 
C/) 01) l= ro C/).~ 0... .:: a.. 

il.) il.) 08 ·v f-. ·= ~ ct:: • (1:1 
il.) il.) t: > > il.) C/) X 0 

E~ - - ..... 
-~ -~ > il.)~ 0.. ~~~ 

t: E l1l il.) 
il.) Ect:: C/) C/) <I) > E E (.) 

(J ..... 
C/) -~ ro ::l ..... ::l il.) 

il.) 
C/) C/) u a.. u a.. 

(..C:itd) (mm) (grams) (grams) (grams) (grams) (grams) (%) (%) (%) 

3/8" 9.5 547.0 556.0 9.00 670 9.00 0.54 0.54 99 

4 4.75 507.9 527.0 19.10 330 28. 10 1.15 1.70 98 

8 2.36 493.3 585 .8 92.50 200 120.60 5.59 7.29 93 

16 1.18 424.2 962.5 538.30 200 658.9 32.52 39.81 60 

30 0.6 390.6 957.9 567.30 200 1226.2 34.27 74.08 26 

50 0.3 370.7 635.2 264.50 200 1490.7 15.98 90.06 10 

100 0.15 346.9 448.1 101.20 200 1591.9 6.11 96.17 4 

Pan 0 367.2 431.3 64.10 - 1656.0 3.87 100.04 0 

Original Weight Wo = 1655 .3 0 grams 

Final Weight Wf = 1656.00 grams 

Percent Loss %Loss= -0 .04 % 

Fineness Modulus FM = 4.10 Ill. 
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Specific Gravity and Absorption Capacity of Recycled Glass Test #1 (2/25/1 0) 

Wt. of Pycnometer and Water PW = 673.10 grams 

Wt. of SSD Sample S ssd = 277.30 grams 

Wt. of Pycnometer, Water, and Sample PWS = 837.90 grams 

Wt. of Bowl B = 171.10 grams 

Wt. of Bowl and Dry Sample BS dry = 447.90 grams 

Wt. of Dry Sample s dry = 276.80 grams 

Results : 

Bulk Specific Gravity (Dry) BSG dry = 2.460 

Bulk Specific Gravity (SSD) BSG ssd = 2.465 

Absolute Specific Gravity ASG = 2.471 

Absorption 
Capacity AC = 0.181 % 
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Holcim Material Certification Report 

Material: Portland Cement Test Period : 01-Jun-201 0 
Type: 1-II (MH) (ASTM C 150) To: 30-Jun-201 0 

CertifiCation 

Hoh.:irn :;.emerr meets ttle specficatlons of ASTM r. 1!:>0 tn• f1pe t-tt ;MH) cement 

General Information 

s .. ppher llolom :us~ Ire So;rce Locat1:>1 P:>rtiand Plant 
A~dre~ 3~00 Stale Ht~tw•y 120 ~500 St;u~ Hoghway 1 l!J 

Fluret!Ct! CJ 81226 Haence Cc 81226 
Telep,one 719-764 -1307 Con:act O.ck Roush 
:Ja:e Issued 12-Jul-2010 

Th~ fnltov.'tnn rformat en IS basea on average :est d~ta dunr·g the test per-cd The data ts t)•ptcol of cement shipoed by Holctm. ondtvid;al 
shtpmeots m3y vo·) 

Tests Data on ASTM Standard Requirements 
c nemical Phy•icat 

Item u"'n• Result Item Llmtt Result 

s.c, 1'1.•) 19.6 A1r Conteru ("~ 1 1?m;a ? 

f\ 1-,; 0 ,t(),;l) 6 0 rna.< 47 Hlau'lP J.mPnP.~s (n~/kg) 
260mm 
4illm~)( 

4 ' 4 

Fc;C~ (%} 60 ma< 32 
CdOC"/c} 63. 
M~Ot "J no nm'< 1 5 Autocl av4? Exp;ns1on Wo) (C 1 51) 08J mJx -002 
SO l·~){. 30maJ. 3~ Com:Hesi>:h/& Srrengtn MPa (pst} 

loss on lgmhor ("hl 30 m;:~x 26 
ln~I..Jble Resdue {%i 0 .75 mox Q 59 3 days . G 0 (1 45(h HIH 31 ' (45 10) 

CO~.%) 14 7 days . 7 0 (24701 IHif 37 6 (5460l 
lHT'16&l018 (%1 5Gmox J 7 
CaCOJ n l •mestone- t 0A.) 7C mn 64 lnrha Vicat (:l'mul~'!:) 4!-37~ 12€: 
ln)'9ri1c Frocc-:;slf1g Add uon 5 C n13 ... 00 
Potential .,,8)e Compo5ttrcns M;.~rtat Bdr Expans10r t%) (C 10:}8r :J ort 
C .S \01'} 59 
c _£tcn 11 H~af of Hyrlr~tron 7 days lt.J/kg (cal 1g)c 343 (8<i 

C.A ("1>1 6rrax I 

C,l-f ('Y•) 10 
C !3 - 4 7':JC,A ("':'ol 100 rn::t( 9/ 

Tests Data on ASTM Optional Requirements 
Chem ir.al Physloal 

ltnm LimiiA Rosult ~om limit A Re~ult 

t.owvalfnt A.lk::t l t~c: ("'k) 0 7C 

Notes 
"' Oa.she$ tr the hnllt I result w F..l"ln~ f!'lt:Cftt Not Apphco~e 

' Tt.>~ ·esult recresents most recent lf3hJe and :s provided to · ~ntcrmahor only An~ly-!'1 !\ ct Heat of Hydraho"l has been car·ted :>ut t::y c-Lcroup. Sk<Hte IL 

' It !S permtSSI::lle to ei(Ct:cd thP. ~pPtJI r:;:ahor ~mrt provided ~STM C 1 :)38 Morta11 Oar E>pa.,,ion joee nor e)(ceed C 02C "t{. 

Aqustec per Annex 1\1 6 of PSTM ::;150 and !\.~S"iiU MX~ 
·rhl!) <Jdld II CIY hCh't! bt!ell letXY1ed •Jn p <eV!OUS m11 ceni11CatES It ts t;pcal of t1e r.et'flP-nt l'"!etf!O (.IJ(rA'liiJ (,r1prro 

"· " 
Add itional Data 
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~ ~-
Holcim Material Certification Report 

Material : Portland Cement Test Period : 01-Jun-2010 

Type : 1- II (MH) (ASTM C 150) To: 30-Jun-2010 

Certification 

Hobm :emen: meets lhe spoofJC<l:lons of AST\1 C 150 fo· T fpe 1-II(MH) cement 

General Information 

':iu~pher Ho1:11n (US) rc SOl•"ce Locc:t100 Po11and Pl~nt 

l>.d:Jr~ss 35CO Stale Highway 120 3500 !>1ate Hoghway 12:J 

Florence Co 81226 F crence , Co 81225 

T~lephonc 71G 78-4 13J7 Contact: Drck Roush 

D:J!C 5SJCd 1< Jui201C 

r,e fat cwrng rnformabor is bese:J en average test data durong the tesl penoo The :Jala rs typical cf ce-rent s'lipp<d ty Hotcom . ondovidua 

shopments may vary 

ll.tHTl Res.tJit" ttem Resutt 

Tvpt C,S (%1 ~1 

l\1101.Jnt (%) CzS {c'ol I I 

SO,.dil C1-A t%1 7 

A.Od%• C,Af (%o 10 

L- ~ . U~(X ) 

: aD d41 
SUl ( 4 '11 

P.age 2 of2 
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77- __ ::?'= --- .:-;--- -·-~-· - .•. - ·-::_:____;;::_. __ =-=?'5&0 

POTENTIAL AL~LI REACTIVITY OF AGGREGATES, (MORTAR-BAR M 

~61#2 . 
ASTM C 1567 

alL ·Client: Un!verslty of Colorado Denver Cast Date: April 4, 2011 

-~7~ Project No. CT1,5238.000-400 Project: Alkali-Silica Reaction Testing 

Cemllnt:· Holcllt:~ Type 1111 Coarse: Recycled Waste Glass 

FlyAsh:___________ Flne#1 : ___________ _ 

Pozzolan: Fine #2: 
Cement Alkalies: 0.70% (Total Alkalies as Na20) ------------

Autoclave Expansion: -----o=-. .,.070 Lithium: ---------------------
Required Cement Content: 440 g Soak Solution:------------

Aggregate/Cement Ratio: 990 g/440 g 

Water/Cement Ratio: 0.47 !water 206.8 gl 
Weight (g) 

~.r~~/~s>~ Cement: 100% 440 100% 

Fly Ash: Fine #1: 

Pozzolan: Fine #2: 
Coarse: Fine #1: Fine #2: 

Passing Retained Mass(%) Welght(g) Welght(g) Welght(g) 

No. 4 (4.75 mm) No. 8 (2.36 mm) 10% 99.0 
No. 8 (2.36 mm) No.16 (1.18 mm) 25% 247.5 

No.16 (1.18 mm) No. 30 (600 11m) 25% 247.5 
No. 30 (600 11m) No. 50 (300 11m) 25% 247.5 

No. 50 (300 1Jm) No. 100 (150 J.lm) 15% 148.5 
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M/'1--e )I 
POTENTIAL ALKALI REACTIVITY OF AGGREGATES, (MORTAR-BAR METHOD) 

ASTM C 1567 

Client: University of Colorado Denver Cast Date: -':A-7.p:'-ri'71 :-'-4~, 2::-:0'-'1'-'1-=-~::---=-.,:----
Project No. CT15238.000-400 Project: Alkali-5illca Reaction Testing 

Cement: Holcim Type 1/11 Coarse: Recycled Waste Glass 
Fly Ash: Le~high All Chern Grade 120 Fine #1 : ___________ _ 

Pozzolan: r Fine #2: 
Cement Alkalies: 0.70% (Total Alkalies as Na20 ) ------------

Autoclave Expansion: 0.00 Lithium:--------- ---
Required Cement Content: 440 9 Soak Solution: ________ ___ _ 

Aggregate/Cement Ratio· 990 91440 9 
Water/Cement Ratio: 0.47 !water 206.8 gl 

Weight (g) 
wv1.,:r(...-~~~: Cement: 50% 220 100% 

&!~DF-_5 ~ 50% 220 Fine#1: 
Pozzolan: Fine #2: 

Coarse: Fine #1: Fine #2: 
Passing Retained Mass_(%1 Welghtjg) Weight (g) Weight (g) 

No.4 (4.75 mm) No. 8 (2.36 mm) 10% 99.0 
No. 8 (2.36 mm) No. 16 (1.18 mm) 25% 247.5 

No. 16 (1.18 mm) No. 30 (600 11m) 25% 247.5 
No. 30 (600 jJm) No. 50 (300 11m) 25% 247.5 
No. 50 (300 JJm) No.100 (150 JJm) 15% 148.5 

194 

I .. ,. 

ti 
I' 

i i 

r 
! 



~ 7POTENTIAL A~LI ~CTI~ OF AGGREGATES, (~R::::O@J 
1 

.: • ASTM C 1567 f ft.I.T 1>~ S ~~ Netar 
/ I ~StDrf6'"e'T-n~ 

/ · ~Kf/il:. · Client: University of Colorado Denver Cast Da~e ; April 4, 2011 

I 
~;.·fr£ , Project No: CT15238.000-400 Project: Alkali-Silica Reaction Testing 

. "'I~"(Q: Cement. Coarse: Recycled Waste Glass 
, · . Fly Ash : 7L--=ej1l+i-g:-h-:A-::II--:C:-:h-e_m_G=-ra-d:-e--:1~270- Fine #1: -----------

1· ~·,. • ' Pozzolan: ____ -=-=---=---- Fine #2: -----------
' Cement Alkalies: 0.70% (Total Alkalies as Na20) 

Autoclave Expansion: ----::..:..::-0.:::=00::- Lithium: -------------
Required Cement Content: 440 g Soak Solution· 

Aggregate/Cement Ratto· 990 g/440 g . -----------

Water/Cement Ratto: 0.47 !water 206.8 gil 
Weight (g) 

[;\J4-vGrla-~ Cement: 100% 

b&;b~ .Ry-Ash: 100% 440 · Flne#1: 

Pozzolan: Flne#2: 
Coarse: Flne#1: Flne#2: 

Passing Retained Mass(%) Weight (g) Weight (g) Weight(g) 

No.4 (4.75 mm) No. 8 (2.36 mm) 10% 99.0 
No. 8 (2.36 mm) No. 16 (1 .18 mm) 25% 247.5 

No.16 (1.18 mm) No. 30 (600 11m) 25% 247.5 
No. 30 (600 11m) No. 50 (300 IJm) 25% 247.5 

No. 50 (300 11m) No. 100 (150 IJm) 15% 148.5 
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